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Abstract 
 
Compaction of chromosomes in the eukaryotic cell is due to interactions 
between DNA and proteins and interactions between proteins. These two 
types of interaction form a dynamic structure, known as "chromatin". The 
condensation of chromatin must be carefully regulated, since the structure is 
an obstacle for factors that need access to the DNA. An extensive range of 
components, one group of which is the ATP-dependent chromatin 
remodelling complexes, controls the accessibility of DNA. These complexes 
have been studied in a variety of eukaryotic systems, and their functions in 
major events in the cell, such as replication, DNA-repair and transcription 
have been established, as have their roles in the assembly and maintenance 
of chromatin. All of the complexes contain a highly conserved ATPase, 
which belongs to the SWI2/SNF2 family of proteins, one group of which is 
known as the ISWI proteins. There are two forms of ISWI in human, known 
as "SNF2h" and "SNF2l". 
 
We have identified a human SNF2h-assembly, B-WICH, that consists of 
SNF2h, William’s syndrome transcription factor (WSTF), nuclear myosin 
(NM1), and a number of additional nuclear proteins including the Myb-
binding protein 1a (Myb bp1a), SF3b155/SAP155, the RNA helicase II/Guα, 
the proto-oncogene Dek, and the Cockayne Syndrome protein B (CSB). The 
45S rRNA, 5S rRNA and 7SL RNA are all parts of the B-WICH assembly. 
The formation of B-WICH depends on active transcription, and is implicated 
in the regulation of both RNA transcription by both pol I and pol III. The B-
WICH provides a link between RNA and the chromatin structure. 
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Introduction 

Chromatin 
The genome in a eukaryotic cell nucleus is arranged into chromosomes, each 
of which consists of a single DNA molecule. Early in the 20th century, work 
by Thomas Hunt Morgan led to the insight that genes are linked together into 
arrays on linear structures. The structures absorbed stains so readily that they 
were called chromosomes (from the Greek chroma - color and soma - body).  
 
The cell nucleus is organized such that the chromosomes are localized into 
different “chromosome territories”. The nucleus also contains distinct 
specialized domains such as the nucleolus, Cajal bodies and PcG bodies 
(Parada and Misteli, 2002; Spector and Gasser, 2003). Chromosomes are 
highly condensed, as can be seen by the fact that the combined length of the 
46 chromosomes in a human cell in a stretched condition is about 1.5 meters. 
The condensation is not only a means for the DNA to fit into the nucleus; the 
degree of condensation must be highly dynamic and strongly regulated, as 
the need for DNA sequences depends on processes going on in the cell. The 
capacity of the dynamic condensation is obvious in events such as mitosis, 
where it is possible to see condensed metaphase chromosomes. (These are 
not seen in non-dividing cells).  
 

Chromatin structure 
Compaction of chromosomes is due to DNA-protein interactions and 
protein-protein interactions. There is a high content of positively charged 
histones in the nucleus, and these histones associate strongly to the DNA to 
form the chromatin fibre. Scaffold proteins contribute further to the 
compaction by creating loops in the chromatin fibre to give a highly 
condensed chromosome. Chromatin must not only be condensed: it must be 
organized. Organization is a requirement for making the DNA accessible in 
a regulated manner for events such as transcription, replication and DNA 
repair. A wide range of components is involved in the regulation of the 
chromatin structure, and the complexity means that the regulation is far from 
totally understood (Horn and Peterson, 2002; Tse et al., 1998).  
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Chromatin occurs in several populations each at a different stage of 
condensation. Domains with high compaction of chromatin exist flanked by 
domains with more extended structure, independently of each other. Certain 
regions of the chromosomes, such as the centromers and telomers, consist of 
heterochromatin. The pericentromeric regions are important for chromosome 
pairing and segregation (Bernard and Allshire, 2002; Taddei et al., 2001). 
Heterochromatin is a highly condensed structure that remains condensed 
throughout the cell cycle, and contains repeats of genes that are not actively 
transcribed. However, genes are correctly transcribed and regulated in the 
centromeric region of heterochromatin, despite the highly condensed 
structure (Dillon and Festenstein, 2002). The nuclear lamina associates to the 
heterochromatin via a heterochromatin protein known as HP1, which in turn 
interacts with the chromatin. The evidence indicates that heterochromatin 
plays important roles in the maintenance of the nuclear structure, genomic 
stability and gene silencing. Other regions in the nucleus contain less-
condensed chromatin known as euchromatin. Euchromatin consists of genes 
that are being actively transcribed, a consequence of a more accessible 
structure that allows transcriptional factors to interact with DNA (de la Serna 
and Imbalzano, 2002; Horn and Peterson, 2002).  

The nucleosome 
The smallest unit of chromatin is the nucleosome core, which consists of an 
octamer with one histone H3-H4 tetramer, two histone H2A-H2B dimers and 
approximately 147 base pairs of DNA wrapped around this octamer. The 
DNA is wrapped approximately 1.7 turns round the histone octamer in a 
combination of underwound and overwound sections (Luger, 2003; Luger et 
al., 1997). DNA interacts with the histone surface at 14 sites with weak 
hydrophobic interactions, hydrogen bonds and salt links; and this 
combination of interactions makes the nucleosome stable. The definition of a 
nucleosome includes the histone H1 and one of the adjacent linker DNA 
stretches (Luger and Richmond, 1998; Wolffe and Hayes, 1999). The 
nucleosome itself is a dynamic structure with a constant exchange of the 
H2A-H2B dimer, whereas the (H3-H4)2 tetramer does not to exchange at the 
same rate (Louters and Chalkley, 1985). 
 
The amino terminals (and the carboxyl terminal of H2A) of the histones are 
lysine-rich and referred to as the histone “tails”. The lysine residues make 
the “tails” positively charged, and this increases the strength of the 
interaction with DNA. The tails mediate contacts with other histones and 
with non-histones. These contacts are believed to stabilize the nucleosome 
further. They also influence the folding of the chromatin fibre, in that the 
tails protrude from the nucleosome and create contacts to adjacent 
nucleosomes. Nucleosome-nucleosome interactions are essential for 
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maintaining chromatin fibre structure in vivo (Hayes and Hansen, 2002). The 
histone tail domains are the sites of several post-translational modifications, 
such as acetylation, phosphorylation and methylation. The modifications of 
the histone tails are the subject of intensive study because of their direct and 
indirect influence on the chromatin structure (Neely and Workman, 2002b; 
Wolffe and Hayes, 1999). 
 
The DNA of a human chromosome is wound into approximately one million 
nucleosomes. The assembly of nucleosomal arrays occurs during replication. 
However, studies Drosophila indicate a non-replication assembly at active 
loci throughout the cell cycle (Ahmad and Henikoff, 2002). The assembly 
during replication comprises of two events, “parental nucleosome transfer” 
and “de novo assembly”. Parental nucleosome transfer occurs when the 
nucleosomes of the parental strand are distributed equally between the new 
daughter strand and the parental strand. The random distribution of 
nucleosomes creates gaps to which the newly synthesized octamers are 
recruited by specific proteins in the process known as de novo assembly. 
Different histone chaperones are involved in the assembly process and 
facilitate nucleosome formation (Tyler, 2002). 
 
It has been suggested that regularly curved DNA sites are the reason for the 
general positioning of nucleosomes. Heterochromatin has regularly spaced 
nucleosomes and studies in vitro show that specific protein complexes 
facilitate the regular spacing of nucleosomes. This regularity corresponds to 
the ability of the chromatin to form fibres. Nucleosomes in euchromatin 
seem to be positioned at specific sites that are highly regulated and 
correspond to the promoters of genes. The two models have been proposed 
to explain how the positioning of the nucleosomes hides or exposes sites for 
transcription (Figure 1). The “rotational positioning” model explains a 
difference in accessibility as a difference in the direction in which the site 
faces – inwards towards the octamer or outward away from it; while the 
“translational positioning” model explains the difference as a difference in 
position – whether the site is inside or outside the nucleosome. It is not 
known which signals are required for positioning the nucleosomes. The 
positioning could be due to a specific DNA sequence, modifications of 
histones at existing nucleosomes, or the topological status of the DNA. 
Another explanation is that the nucleosomes are mobile rather than 
positioned, and expose a site intermittently. The transcription factor will 
bind to the temporarily exposed site at a certain concentration (Becker and 
Horz, 2002; Kiyama and Trifonov, 2002; Kornberg and Stryer, 1988; Luger 
and Hansen, 2005).  
 
The core histones are essential for the maintenance of the nucleosome core 
structure, while the linker histone, H1, stabilizes the histone and facilitates 
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assembly of the secondary chromatin structure that is formed by 
nucleosomal arrays. The amino terminals and the carboxyl terminals of H1 
bind to the nucleosome core by interacting with DNA, and they bind to the 
linker DNA between the nucleosomes. H1 is involved in repression of 
enzyme accessibility for the DNA by stabilizing the nucleosome structure 
(Berger and Felsenfeld, 2001; Dasso et al., 1994). A number of non-histone 
nucleosome-binding proteins also influence the chromatin structure and 
mediate the formation of both secondary and tertiary structures (Hansen, 
2002). 
 
 
 
 

 

Figure 1. Translational and rotational positioning of the nucleosome. a) 
Translational positioning suppresses transcription in that the binding site for the 
regulatory factor is inside the nucleosome; the site is not exposed, and the factor 
cannot bind. The regulatory factor can only bind if the site is exposed outside the 
nucleosome. b) Rotational positioning allows the binding site to be exposed for the 
regulatory factor even if it is inside the nucleosome, in that the DNA is rotated so 
that the site faces outward from the core. 
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Chromatin remodelling 
The compact chromatin structure acts as a general repressor for different 
processes that require access to the DNA, such as gene expression, 
replication and DNA repair. The chromatin structure must be altered to 
obtain a more open structure in order for it to be possible for regulatory 
factors to bind to specific DNA sites and initiate certain processes. The term 
“chromatin remodelling” summarizes the changes in the chromatin structure 
that make DNA more accessible for DNA-binding factors or nuclease 
digesters in vitro. The interactions between DNA and the histones at the 
nucleosomal level are weakened, so that the DNA becomes less tightly 
wrapped round the histones. This may cause loss of rotational phasing of 
DNA, and/or alteration in the position of the histone octamer. This change in 
the nucleosome structure results in increased accessibility of certain DNA 
sites.  
 
The disruption of DNA-histone interactions involves the breakage of non-
covalent bonds and the formation of different nucleosomal states. These 
processes cost energy. The spontaneous reaction is very slow due to the 
height of the activation energy barrier. Several enzyme complexes have been 
identified that make it possible to overcome the energy barrier by modifying 
chromatin. The chromatin-modifying complexes have been classified into 
two major groups, depending on whether they use covalent modification or 
not to alter the chromatin structure. The complexes that covalently modify 
nucleosomes are able to acetylate, deacetylate, methylate and phosphorylate 
residues, in particular those at the histone tails, and thereby influence the 
chromatin structure. Chromatin-modifying complexes that do not covalently 
modify the nucleosome are known as the “ATP-dependent” chromatin 
remodelling complexes. They alter the chromatin structure using energy 
obtained from ATP hydrolysis (Kingston and Narlikar, 1999; Narlikar et al., 
2002).  
 

Histone modification  
One of the most well-studied covalent histone modifications is the 
acetylation of specific lysines in the histone tails. The complexes responsible 
for the acetylation are the histone acetyltransferase complexes (HATs). 
When positively charged lysins are acetylated, the overall charge will change 
and the affinity of the histones for DNA will be altered. The changes in 
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charge have only small direct effects on the individual nucleosome stability. 
These changes, however, affect the interactions between nucleosomal arrays 
and chromosome folding, and destabilize the structure in this way. The 
histone deacetylase complexes (HDACs) remove the acetyl group, which 
HATs do not. Acetylation is usually associated with transcriptional 
activation, and deacetylation is usually associated with transcriptional 
repression. HATs can be recruited in some cases to specific promoters by 
transcription activators, and repressors can target some HDACs. Interaction 
between the components of a HAT complex and those of an HDAC complex 
has recently been shown in vitro, and thus there may be a dynamic balance 
of the different activities in vivo (Narlikar et al., 2002; Yamagoe et al., 
2003). Acetylated histones are targets for a number of chromatin 
remodelling components. The bromodomain found in some ATP-dependent 
chromatin remodelling complexes interacts with acetylated histones (Hassan 
et al., 2002). The opposite process, in which the HAT and HDAC are 
recruited by remodelling complexes, also takes place (Fischle et al., 2003a; 
Neely and Workman, 2002b). 
 
The methyl transferase complexes control the methylation of a number of 
lysine and arginine residues, located mainly at the histone H3 amino 
terminus. Methylating different residues affects different processes. 
Methylation of histone H3 at lysine 9 (H3K9me) is associated with 
constitutive heterochromatin, while methylation of H3 at lysine 27 
(H3K27me) is associated with facultative heterochromatin. These 
methylated lysines function as targets for the heterochromatin protein, HP1, 
which binds to the methylated sites through its chromodomain (Fischle et al., 
2003b). Modifications associated with transcriptionally active regions are 
H3K4me, H3K36me and H3K79me. Methylations of other lysines may be 
involved in DNA methylation and X chromosome inactivation (Lachner and 
Jenuwein, 2002; Sims et al., 2003; Zhang and Reinberg, 2001). A process 
known as “deimination” facilitates the demethylation of histones in a process 
that converts histone arginine to citrulline, while this process also 
antagonizes arginine methylation (Cuthbert et al., 2004; Wang et al., 2004). 
Furthermore, a nuclear homolog of amine oxidases (LSD1) specifically 
demethylates histone H3 lysine 4, and functions as a histone demethylase 
(Shi et al., 2004). 
 
Acetylation and methylation are not the only histone modifications that must 
be considered. Phosphorylation, ubiquitination, and ADP-ribosylation are 
examples of site-specific modifications that affect the chromatin 
organization directly or indirectly. The ability to recruit specific regulatory 
proteins to histones in different ways has given rise to the “histone code” 
hypothesis: distinct patterns of modification function as a recognition code 
for the recruitment (Jenuwein and Allis, 2001). One possible scenario is that 
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a sequence-specific transcription factor interacts with DNA at an exposed 
site and targets a histone-modification complex that modifies the histones. 
This modification attracts another histone-modifying complex or a specific 
remodelling complex that destabilizes the structure further, and the basal 
transcription machinery can start. It has been proposed that the combination 
of different modifications provides the code that determines which event 
occurs. It has also been suggested that this code gives the cell a memory with 
epigenetic information, through events such as replication, assembly and 
mitosis (Cosgrove and Wolberger, 2005; Turner, 2002). Euchromatin is 
often positively correlated with hyperacetylation of the core histones, while 
heterochromatin is correlated with deacetylated core histones, and with the 
methylation of specific lysines. The balance between heterochromatin and 
euchromatin is partly due to different covalent modifications of histones, 
modifications that it has been suggested regulate epigenetic states of the 
genome (Elgin and Grewal, 2003). The complexity of the responses may be 
a result of the histone code, or it may not; but it is clear that there is a strong 
connection between histone-modifying complexes and the ATP-dependent 
chromatin remodelling complexes. Several observations suggest that the 
order of recruitment varies, depending on different promoters (Agalioti et al., 
2002; Eberharter et al., 2005; Narlikar et al., 2002; Neely and Workman, 
2002b). 
 

ATP-dependent chromatin remodelling  
The ATP-dependent chromatin remodelling complexes use the energy from 
ATP hydrolysis to make nucleosomal DNA more accessible. They do this by 
altering histone-DNA interactions. The histone octamer is repositioned 
during the process, but the overall condensation of DNA is maintained.  

 
All known ATP-dependent chromatin remodelling complexes are able to 
cause changes in the translational position and to “slide” the intact octamers 
to sites that are adjacent to the original site. This will influence the location 
of the exposed DNA. The exact molecular mechanism of the action of these 
remodelling complexes is not known, nor is it known at what moment the 
energy is required. Several models have been proposed.  
 
The bulging model proposes that a small loop of DNA (or bulge) forms, and 
propagates through the nucleosome (Guschin and Wolffe, 1999). The ends 
of the nucleosomal DNA unwrap and rewrap rapidly from the histone 
surface, and the factor can bind during the partially unwrapped stage (Li and 
Widom, 2004). The loop may be the result of the attachment of a 
remodelling enzyme to the edge of the nucleosomes, which “peels off” DNA 
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from the histone surface (Jaskelioff et al., 2000). Studies in yeast reveal the 
importance of the extranucleosomal DNA adjacent to the nucleosomes in the 
initial stage of nucleosomal movement by remodelling complexes (Zofall et 
al., 2004). It has been suggested that the loop formation is due to the ATP-
driven conformational change of the enzyme (Becker and Horz, 2002). 
Indeed, binding of ATP to a remodelling enzyme can cause conformational 
changes in yeast (Fitzgerald et al., 2004). It has also been reported that a 
DNA chaperone is involved, and this facilitates the loop formation (Bonaldi 
et al., 2002). The model is consistent with observations such as the formation 
of nucleosome dimers, displacement of the histone octamer in trans position, 
and nucleosome sliding in cis position.  
 
The twist diffusion model also proposes that a loop forms at the edge of the 
nucleosome, and that this loop propagates through the nucleosome. In this 
case, however, the loop is caused by energy-dependent untwisting of DNA 
(Becker and Horz, 2002; Luger et al., 1997; Meersseman et al., 1992; 
Peterson, 2002). 
 
The conformational change model proposes that a conformational change of 
the nucleosome takes place, and that this change needs ATP for the 
formation of a high-energy intermediate state of the nucleosome. A random 
collapse of the intermediate state to several distinct remodelled states 
explains, in this model, the translational positioning and the topological 
changes in a nucleosomal array that are caused by certain remodelling 
complexes (Guyon et al., 2001; Kwon et al., 1994). Translational positioning 
cannot occur when nucleosomal DNA is exposed in tightly spaced 
nucleosomes because there is no DNA available, and this may be a result of 
sites becoming exposed within the nucleosome due to conformational 
change (Narlikar et al., 2002). The conformational change model is not 
consistent with in vitro observations showing that some remodelling 
complexes have a lower activity with mononucleosomes without flanking 
DNA than they have for nucleosome arrays (Becker and Horz, 2002). In 
contrast, experiments with cross-linking between site-specific DNA and the 
octamer have shown that sliding can be prevented, but not remodelling 
(Becker, 2004; Eberharter and Becker, 2004; Johnson et al., 2005; Narlikar 
et al., 2002; Sathyanarayana et al., 1999). 

 
Many questions remain to be answered concerning the molecular 
mechanism, and the timing of the ATP requirement. More than one 
mechanism may be involved, and different complexes may not share the 
same mechanism, given that their sub-unit compositions and functions differ. 
Solving the crystal structures of the ATPases involved in chromatin 
remodelling will improve the knowledge how the enzymes interacts with the 
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nucleosomal substrate. So far the crystal structure has been solved for some 
domains in a few ATPases (Grune et al., 2003; Oliver et al., 2005). 

ATP-dependent chromatin remodelling complexes 
An ever-increasing number of ATP-dependent chromatin remodelling 
complexes has been found and characterized in different species. These 
multi-subunit complexes all contain a highly conserved ATPase, with a 
helicase C-like domain. All of these complexes belong to the SWI2/SNF2 
subfamily of the DEAD/H superfamily of proteins (Eisen et al., 1995; 
Henikoff, 1993). 
  
The SWI2/SNF2 family has been classified into seven subfamilies, 
depending on the unique sequence motifs that are situated adjacent to the 
SWI2/SNF2-like ATPase domain these families are SWI2/SNF2, ISWI, Mi-
2, INO80, CSB, Rad54 and DDM1 (Lusser and Kadonaga, 2003). The 
SWI2/SNF2, ISWI, Mi-2 and INO80 subfamilies have been studied in most 
detail, in terms of their function and complex formation. Complexes that 
belong to the SWI2/SNF2 class contain a bromodomain (Tamkun et al., 
1992), those that belong to ISWI contain a SANT (SWI3, ADA2, N-Cor and 
TFIIIB) domain, (Aasland et al., 1996), and those that belong to Mi-2 
contain a chromodomain (Paro and Hogness, 1991). The INO80 protein has 
a unique ATPase domain divided into two subdomains, with a TELY motif 
and a GTIE motif beyond the ATPase domains (Ebbert et al., 1999; Shen et 
al., 2000). All these types of ATPase can remodel nucleosomes in vitro, 
although the activity can be altered by interacting subunits. The complexes 
have different roles in vivo, and each complex is specialised for a specific 
cellular process. The remodelling complexes consist of a number of subunits 
in addition to the ATPase, and these other subunits may contribute to the 
functional specificity of the complexes (Cairns, 2005; Johnson et al., 2005; 
Sif, 2004).  
 

The SWI/SNF group  
The SWI2/SNF2 class of ATPases are subunits in the SWI/SNF group of 
complexes. These multi-subunit complexes consist of eight to twenty 
subunits. The group can be further divided into two distinct, highly 
conserved, subfamilies. One subfamily includes the ySWI/SNF, mammalian 
BAF (hBRM- and BRG1-associated factor) complex and the BAP (Brahma-
associated proteins) complex in Drosophila. The second subfamily consists 
of the yRSC, the PBAP in Drosophila and the mammalian PBAF 
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(polybromo BRG1-associated factor) complexes (Mohrmann and Verrijzer, 
2005).  

 
The yeast SWI/SNF complex was the first ATP-dependent chromatin 
remodelling complex to be characterized. It was initially found through 
genetic screens in which five of the subunits that were subsequently 
discovered were identified as gene products involved in the regulation of 
mating type switching and the regulation of sucrose non-fermenters 
(Sudarsanam et al., 2000). A combination of genetics, two hybrid screens, 
and biochemical studies led to the characterization of an 11-subunit complex 
containing the SWI2/SNF2 ATPase, which was able to alter the nucleosome 
structure (Cairns et al., 1994; Kruger et al., 1995; Sternberg et al., 1987). 
The finding of the STH1 (SNF-two-homolog 1) protein initiated the 
characterization of the RSC (Remodel the Structure of Chromatin) complex 
in yeast. The yRSC complex and the ySWI/SNF complex have three other 
subunits in common, in addition to the ATPase. The RSC complex is 
essential for cell viability in yeast, while the SWI/SNF complex is not 
(Cairns et al., 1996). Homologues to the SWI/SNF proteins form the Brahma 
complex in Drosophila, which contains the Brahma ATPase (BRM) 
(Dingwall et al., 1995).  
 
BRM and BRG1 (Brahma-related gene 1) are the two different ATPases that 
several remodelling complexes are based on in human. This results in a 
number of SWI/SNF complexes. The complexes have been divided into the 
PBAF and the BAF complexes, based on subunit composition (Wang, 2003). 
The complexes have similar compositions, but the PBAF complex contains 
the BAF 180, BAF 200 and BAF 240; while the BAF complex has the BAF 
180, BAF 200 and BAF250. Furthermore, the BAF complexes contain either 
BRG1 or the BRM ATPase, whereas the PBAF complexes only contain 
BRG1. This division is also seen in Drosophila, where BAP corresponds to 
BAF with the Drosophila BAF250 homologue, Osa, and PBAP corresponds 
to PBAF, with the specific subunits polybromo, orthologue to BAF180, and 
BAP170 (Mohrmann et al., 2004). BAP 170 turned out to be the orthologue 
to BAF200 (Yan et al., 2005). Drosophila only has one ATPase, the BRM, 
which the ATPase in both types of complex. The homology between the 
BAF180 and proteins in the yRSC complex has led to the suggestion that 
PBAF is a human RSC complex (Neely and Workman, 2002a; Xue et al., 
2000). A number of different variants of SWI/SNF complexes have been 
found (sometimes as a result of different purification procedures). The 
variety may, of course, result from the use of improved and more sensitive 
purification methods. It may, however, reflect a complexity in compositional 
diversity that depends on chromatin targets, and thus reflect functional 
differences. We have isolated a number of complexes from human cells that 
do not follow the complex composition described above by 
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immunoprecipition and by biochemical purification (ref. Asp et al. 
unpublished).  
 
The amino acids sequences of BRG1 and BRM are 75% identical in 
mammalian cells and the functions of the two complexes seem to be similar. 
They differ, however, in developmental effects. Mouse embryos that are 
homozygous for a null mutation in BRG1 die at the pre-implantation stage, 
whereas BRM knockout gives a mouse phenotype that seems normal except 
for a larger size. BRG1 heterozygotes are predisposed to tumours and brg1 is 
mutated in some tumour cell lines (Bultman et al., 2000; Wong et al., 2000). 
In addition, the BRG1 protein associates with tumour suppressors, such as 
the retinoblastoma protein and the BRACA1 protein. These observations 
suggest that BRG1 regulates cell growth and suppresses tumour growth 
(Neely and Workman, 2002a). BRG1 interacts with the heterochromatin 
protein HP1, and this suggests that BRG1 plays a novel role in the 
organization of heterochromatin structure (Nielsen et al., 2002). 

 
The human SWI/SNF complexes are able to move a histone octamer in cis 
position and trans position in vitro (Lorch et al., 2001), and they form stable 
dimers of mononucleosomes (Schnitzler et al., 1998). The DNA-dependent 
ATPase activity is stimulated to the same degree by DNA and by 
nucleosomes (Phelan et al., 1999).  

 
It has been suggested that the SWI/SNF complexes are involved in a number 
of processes that include chromatin substrates; transcription, cellular 
differentiation (de la Serna et al., 2001) replication (Flanagan and Peterson, 
1999), recombination (Kwon et al., 2000), repair (Ura et al., 2001) and 
cohesion loading (Huang et al., 2004). The role of SWI/SNF in the 
regulation of transcription has been well-studied. Human SWI/SNF 
complexes are enriched in actively transcribed chromatin, indicating that 
they play a role in regulating transcription (Reyes et al., 1997). The 
association between SWI/SNF and different HATs and the association 
between SWI/SNF and HDACs show that SWI/SNF is involved in activation 
as well as in repression (Hassan et al., 2001). The fact that only a few genes 
depend on SWI/SNF for activation may be explained by differences in the 
factors that act together at specific promoters. Even if the SWI/SNF complex 
is able to bind to DNA and nucleosomes, it does not do so in a sequence-
specific manner. It is instead recruited to its target gene by DNA-binding 
factors, histone-modifying complexes, or histone modification. The 
SWI/SNF complex has a higher affinity for chromatin following acetylation 
of histone tails, and the increase is due to the bromodomain in the ATPases 
(Hassan et al., 2001; Hassan et al., 2002). Different DNA binding factors 
target the enzyme, the glucocorticoid receptor, for example, targets 
SWI/SNF in vivo (Fryer and Archer, 1998; Memedula and Belmont, 2003; 
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Ostlund Farrants et al., 1997). A recent study suggests that ATP is bound to 
the SWI/SNF complex before its recruitment by glucocorticoid receptor, and 
that it causes a conformational change when it binds (Nagaich et al., 2004).  

The INO80 group  
The INO80 protein was first found in yeast. It has domain homologies with 
both the ySWI2/SNF2 and the Drosophila ISWI ATPases, while 
homologous proteins exist in human and Xenopus. INO80-containing 
complexes have been purified from yeast and human cells. The INO80 
complex in yeast consists of approximately 13 subunits, one of which is the 
ATPase. INO80 can alter chromatin structure in vitro, and a mutation in the 
ino80 shows increased sensitivity to DNA damage, suggesting that INO80 
plays a role in DNA-repair (Ebbert et al., 1999; Shen et al., 2000). In 
addition, INO80 co-purifies with phosphorylated H2A and is recruited to 
double-strand breaks (Morrison et al., 2004; van Attikum et al., 2004). 
Further, the INO80 complex is targeted to the PHO5 promoter and is 
required for full induction of transcription (Steger et al., 2003). 
 
The SWR1 is a SWI2/SNF2-related ATPase that belongs to the INO80 
group. The SWR1 complex, purified from yeast, contributes to preventing 
heterochromatin from spreading along the chromosomes, and it is involved 
in DNA repair (Mizuguchi et al., 2004). The SWR1 complex in human, 
SRCAP, and a human INO80 complex, are also involved in DNA repair (Jin 
et al., 2005). 
 

The Mi-2 group 
The Mi-2 class of ATPases has a chromodomain (chromatin organization 
modifier) adjacent to the ATPase domain. Proteins with chromodomains 
often bind to methylated histones. The ATPases, Mi-2α (CHD4 (chromo-
helicase DNA-binding)) and Mi-2ß (CHD3) are components of the NuRD 
complexes that are found in human and Xenopus (Tong et al., 1998; Wade et 
al., 1998; Xue et al., 1998; Zhang et al., 1998). The human Mi-2α and Mi-2ß 
were first identified as autoantigens in the autoimmune disease 
dermatomyositis (Seelig et al., 1995). About a certain fraction (15% to 30%) 
of patients with dermatomyositis also develop cancer, which may be 
explained by the existence of the MTA1 (metastasis-associated protein 1) in 
the NuRD complex (Airio et al., 1995). The Drosophila Mi-2 homologs are 
present also in a large complex that has remodelling activities (Khattak et al., 
2002). The CHD1 found in yeast occurs as a homodimer that has ATPase 
activity that is stimulated by DNA and by nucleosomes (Tran et al., 2000). 
The double chromodomains in CHD1 mediate binding of the complex to 
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methylated lysine 4 at histone 3 (H3K4me), a binding that is associated with 
active chromatin. However, the human Mi-2α and Mi-2ß differ from CHD1 
in some amino acids that are important for the binding to H3K4me, and 
these ATPases do not interact with the mutated histone (Flanagan et al., 
2005).  

 
Interestingly, the NuRD complexes also contain two HDACs, HDAC1 and 
HDAC2, and are involved in transcriptional repression (Bowen et al., 2004; 
Feng and Zhang, 2003). They also contain methylated DNA-binding 
proteins, MBD2 and MBD3 (methyl-CpG binding domain), which is 
consistent with their involvement in transcriptional repression. A recent 
study has shown that most MBD2 and MBD3 proteins assemble into 
mutually exclusive distinct Mi-2/NuRD-like complexes (MBD2/NuRD, 
MBD3/NuRD) that have different biochemical properties and different 
functions. It has been suggested that the complexes co-operate, acting in a 
synergistic manner to regulate the repression of certain genes (Le Guezennec 
et al., 2006).  
It is likely that additional variants of Mi-2/NuRD complexes will be found 
that will further increase the repertoire and the functional complexity.  
 
Studies with recombinant Mi-2 have shown that Mi-2 itself, as well as the 
NuRD complex, is a DNA-dependent, nucleosome-stimulated ATPase that 
can efficiently disrupt contacts between the histones and DNA (Wang and 
Zhang, 2001). NuRD complexes has both histone deacetylase activity and 
remodelling activity (Tong et al., 1998; Wade et al., 1998; Xue et al., 1998; 
Zhang et al., 1998). The complexes are able to bind and remodel methylated 
chromatin, a function that is more efficient on nucleosomes in which the 
DNA is methylated (Feng and Zhang, 2001). Recently, components from the 
NuRD complex and the cohesin complex were found to be associated with 
the SNF2H form of the human ATPase, ISWI. The cohesin complex is 
involved in the cohesion of the sister chromatides and requires access to the 
nucleosomal DNA. Chromatin immunoprecipitation shows specific 
interaction of the complex with DNA that contains Alu sequences depending 
on histone modification. Although the exact role for the NuRD components 
in the complex remains to be determined, these finding reveal a possible 
function for chromatin remodelling in chromosome segregation (Hakimi et 
al., 2002).  

The ISWI group 
The ISWI protein was identified on the basis of its sequence homology to the 
SWI2/SNF2 homolog BRM from Drosophila, and it was therefore called 
“imitation switch” with a helicase-like domain harbouring an ATPase motif 
(Elfring et al., 1994). This ATPase contains a SANT domain, which in turn 
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had been identified on the basis of its sequence homology to the DNA-
binding domain of c-myb. The domain consists of three α-helices with large 
aromatic residues, and it is found in several subunits of other remodelling 
complexes, such as HAT complexes and HDAC –complexes. It is also found 
in some subunits in the SWI/SNF and the yRSC (Aasland et al., 1996; Boyer 
et al., 2004). Recombinant ISWI has a DNA-dependent ATPase activity that 
is stimulated by nucleosomes, and it has a remodelling activity (Corona et 
al., 1999). ISWI depends on the presence of the N-terminal tail of histone H4 
for its function, in contrast to the SWI/SNF complexes, which can remodel 
tail-less nucleosomes (Clapier et al., 2001; Guyon et al., 1999; Hamiche et 
al., 2001; Loyola et al., 2001). It has been suggested that the H4 tail bound to 
DNA functions as an epitope for ISWI recognition of the nucleosome, which 
may explain why  nucleosomes stimulate the ATPase activity (Clapier et al., 
2002). It has also been suggested that the SANT domain in ISWI presents 
the tail of histone H4 and in this way facilitates the ATPase activity (Boyer 
et al., 2002; Boyer et al., 2004). The ISWI proteins also contain a SLIDE 
motif that binds to DNA, and that is believed to play an important role in the 
recognition of the nucleosomes (Grune et al., 2003). There are no known 
motifs in ISWI that bind directly to acetylated or methylated histones, 
comparable to the bromodomains and chromodomains found in other 
remodelling ATPases. 

ISWI complexes 
The first ISWI-containing complex was found when ATP-dependent 
nucleosome remodelling, which was not derived from the dSWI/SNF, was 
seen in Drosophila embryo extract. The ATPase activity was stimulated by 
nucleosomes and not by free DNA as is the case for the ySWI/SNF. The 
purified complex consisted of three subunits in addition to the ATPase, and 
the complex was named “the nucleosome remodelling factor” or NURF 
(Tsukiyama and Wu, 1995). Two other ISWI-containing complexes were 
subsequently found in Drosophila, the CHRAC (chromatin accessibility 
complex) (Varga-Weisz et al., 1997), and the ACF (ATP-utilizing chromatin 
assembly and remodelling factor) (Ito et al., 1997). 

 
Identification of ISWI homologs in yeast, Xenopus and mammals led to the 
identification of a number of different ISWI-complexes. The ISWI proteins 
in yeast, Isw1p and Isw2p, form four complexes, Isw1a, Isw1b, Isw2 and 
Isw2/yCHRAC, with different subunit compositions (Iida and Araki, 2004; 
Tsukiyama et al., 1999; Vary et al., 2003), and there are at least three 
complexes in Xenopus, ACF, CHRAC and WICH (Bozhenok et al., 2002; 
Guschin et al., 2000; MacCallum et al., 2002).  
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There are two isoforms of the ISWI protein, SNF2h (Snf2-homolog) and 
SNF2l (Snf2-like), in mammals, the human SNF2l being cloned as early as 
1992 (Okabe et al., 1992). More and more ISWI-complexes being found in 
mammals, most of these complexes contain the SNF2h form. The 
mammalian NURF, found in neural tissues, however, contains the SNF2l 
form as well as the CECR2-containing remodelling factor (CERF) (Banting 
et al., 2005; Barak et al., 2003). The human CHRAC complex has subunit 
composition that is similar to that found in the Drosophila CHRAC; the 
SNF2h form of ISWI, ACF1 and two histone-fold proteins p15 and p17, 
homologues to the CHRAC-14 and CHRAC-16 in Drosophila (Corona et 
al., 2000; Poot et al., 2000). Other SNF2h complexes that have been 
described are the hRSF, remodelling and spacing factor, which contains 
SNF2h and p325 (LeRoy et al., 1998; Loyola et al., 2003), the human ACF 
complex and the WCRF complex, which both contain SNF2h and the ACF1 
(also called WCRF180) protein (Bochar et al., 2000; LeRoy et al., 2000). 
The only difference between the ACF complex and the WCRF complex are 
the molecular weights, which have been determined by size exclusion 
analysis to be 300-400 kDa and 600-700 kDa, respectively. A WSTF-SNF2h 
chromatin remodelling complex, WICH, has been found in mouse, human 
cells and in Xenopus egg extract. It consists of the SNF2h protein and the 
Williams syndrome transcription factor, WSTF (Bozhenok et al., 2002). The 
first nucleolar remodelling complex, NoRC, was found in mouse and 
contains SNF2h and TIP5 (transcription termination factor1-interacting 
protein 5) (Strohner et al., 2001). Recently, it was shown that the ISWI 
protein in Drosophila interacts with a TIP5-related protein, Toutatis (Tou) 
(Vanolst et al., 2005). Finally, the SNF2h-containing complex mentioned 
earlier, with components from the NuRD and cohesion complexes, was 
found in human (Hakimi et al., 2002). Table 1 presents a summary of ISWI-
containing complexes. 

 

The function of ISWI  
The large number of ISWI complexes found in different species suggests 
that these complexes are important in cellular processes. Genetic analysis in 
Drosophila has shown that null and dominant negative alleles of iswi are 
essential for cell viability and gene expression. Flies that lack ISWI die in 
the late larval or early pupal stage. The male X chromosome in such larvae 
has structural defects while the female X chromosome is normal. Dosage 
compensation in flies leads to an increase in the level of genes expressed on 
the male X chromosome, and makes the chromosome more vulnerable to the 
loss of ISWI. One characteristic of the male X-chromosome is the 
acetylation of histone H4-K16. This is believed to make the chromosome 
structure more open, and this structure cannot be maintained in the absence 
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of ISWI. This suggests that ISWI plays a role in the maintenance of 
chromosome structure (Deuring et al., 2000). We do not known which of the 
ISWI complexes in Drosophila is responsible for each phenotype. The male 
X-chromosomes of mutants of the nurf301 subunit in NURF are affected in 
the same manner as the iswi mutants. The NURF complex is thus a candidate 
for the maintenance of chromosome structure. Functions during larval blood 
cell development were also affected by mutation of nurf301 (Badenhorst et 
al., 2002). Furthermore, null nurf301 mutants in Drosophila do not undergo 
the metamorphosis from larva to pupa (Badenhorst et al., 2005). Yeast that 
lacks isw1 and isw2 does not show any characteristic phenotype (Hughes et 
al., 2000), in contrast to Drosophila, although Isw2 is required for the early 
stage of sporulation (Trachtulcova et al., 2000). Isw2 represses the 
transcription of early meiotic genes (Goldmark et al., 2000).  

 
The expression patterns of SNF2h and SNF2l in mouse differ during 
development, and the patterns are tissue-specific. The SNF2h is more 
common in proliferating cells in the brain, while SNF2l is expressed to a 
greater extent in terminally differentiated neurons after birth, and in adult 
mice. These observations of the expression pattern led to the suggestion that 
SNF2h is involved in proliferation and SNF2l in differentiation (Lazzaro and 
Picketts, 2001). Heterozygous SNF2h+/- mice exhibit a normal phenotype 
and develop normally. Homozygous SNF2h-/- embryos, however, die during 
the peri-implantation stage, showing that SNF2h is required for early mouse 
development (Stopka and Skoultchi, 2003). 
 
Depletion of ISWI function in Xenopus cause developmental and 
transcriptional defects and ISWI is suggested to be critical in neural 
development and eye differentiation (Dirscherl et al., 2005). It is clear that 
the ISWI protein plays an essential role in multicellular organisms, but it is 
difficult to determine which specific ISWI complex is responsible for the 
effects seen in organisms that lack ISWI.  

 
The mechanism behind the remodelling activity of ISWI complexes has been 
extensively studied in vitro (Becker and Horz, 2002; Langst and Becker, 
2004; van Holde and Yager, 2003). It is evident that there are functional 
differences between the SWI/SNF, Mi-2 and the ISWI groups of complexes. 
For instance, the SWI/SNF complexes disrupt an ordered nucleosome array 
in vitro, while most of the ISWI complexes produce regular spacing of 
nucleosomes in an array (Glikin et al., 1984; Poot et al., 2000). The ISWI 
complexes generally contain fewer subunits than SWI/SNF complexes.  
  
All known ISWI complexes are able to slide nucleosomes, but there are 
other functional differences between the complexes (Fazzio and Tsukiyama, 
2003; Langst and Becker, 2001; Vary et al., 2003). The ACF and the 
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Table 1. ISWI-containing complexes 

     Complex   Organism                Subunits               Function 

ACF           

 Drosophila   ISWI, ACF1
 Xenopus       ISWI, xACF1, p175 
 Human         SNF2h, ACF1/WCRF180 
 

Assembly, spacing 
Assembly, spacing 
Assembly, spacing 

 CERF  Mouse          SNF2l, CECR2 Neurolation 

    CHRAC 
 

 Yeast            Isw2p, Itc1p, Dpb4p, Dls1p 
 Drosophila   ISWI, ACF1, CHRAC-14, CHRAC-16 
 Xenopus       ISWI, p200, p70, p55, CHRAC-17 
 Human         hSNF2h, hACF1, p15, p17 
 

Replication 
Assembly, spacing 
Assembly, spacing 
Assembly, spacing 

 ISW1a 
 Yeast            Isw1p, Ioc3p 
 

Transcriptional repression 
 

 ISW1b 
 Yeast            Isw1p, Ioc2p, Ioc4p 
 

Transcription elongation,      
termination 

ISW2 
 Yeast            Isw2p, Itc1p
 

Transcriptional repression,    
 

       
      NoRC 

 Mouse          mSNF2h, Tip5, p50,  p80 
 

rDNA repression 
 

NURF 

 Drosophila   ISWI,NuRF-301, NURF-55, NURF-38 
 Human         SNF2l, BPTF, RbAP46/48 
 

Transcriptional activation 
Transcriptional activation 

         RSF 
 Human         hSNF2h, p325 
 

Assembly, spacing 
 

SNF2h/NuRD/
Cohesin 

 Human         SNF2h, NuRD (Mi-2, HDAC1/2,  
                      MBD2/3, MTA1/2, RbAp46/48), 

                    cohesin (hRAD21, hSMC1/2,SA1/SA2) 
 

Sister chromatid cohesion 
 
 

Toutatis /ISWI 
 Drosophila    ISWI, Toutatis (Tou) Transcriptional activation 

      WICH 
 

 Xenopus        ISWI, WSTF
 Mouse          mSNF2h, WSTF
 Human          hSNF2h, WSTF  

  Heterochromatin replication 
  Heterochromatin replication 
  Heterochromatin replication 

 
Table 1. A summary of ISWI-containing complexes and their functions in 
different species. ATPases are printed with boldface type, and WAL/BAZ members 
in the complexes are underlined.  

 
CHRAC complexes, for example, are able to assemble and slide 
nucleosomes to establish regularly spaced arrays (Ito et al., 1997; Varga-
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Weisz et al., 1997), while the sliding induced by NURF disrupts nucleosome 
periodicity (Tsukiyama and Wu, 1995). ISWI complexes demonstrate a wide 
functional diversity, in vitro and in vivo. Functions ascribed to ISWI 
complexes include transcriptional activation and repression, replication 
through heterochromatin, chromatin assembly, maintenance of higher-order 
chromatin structure, and the loading of cohesion complex to sister 
chromatids (Corona and Tamkun, 2004; Tsukiyama, 2002). Table 1 presents 
a summary of the functions of these complexes.  
 
The functional differences and the differences in targeting between ISWI 
complexes are probably due to differences in subunit compositions. The 
subunits within the complexes can enhance or otherwise modulate the 
remodelling activity, while some factors contribute to the interaction with 
other components and direct the complexes to specific sites or specific 
structures. An ever-increasing number of ISWI complexes have been studied 
during the past decade, and our knowledge of the compositions and 
mechanisms of these complexes has increased. Further work is needed, 
however, to understand the functions of the ISWI complexes that have been 
identified. It is probable that further complexes will be found. A number of 
interesting questions remain to be answered, including: why are there so 
many different ISWI complexes in a single cell? What is their functional 
relationship with other remodelling complexes such as SWI/SNF and Mi2 
complexes? Do they have overlapping functions and can they compensate 
for each other? Which components direct the complexes to different regions, 
and how are the activities influenced by the other subunits within 
complexes? 

The WAL/BAZ family of proteins 
Most of the ISWI-containing complexes that have been characterized 
harbour a member of the WAL/BAZ family (WSTF-, ACF1-
like/Bromodomain Adjacent to Zinc finger domain) (Jones et al., 2000; Poot 
et al., 2000). The dCHRAC, dACF, hACF/WCRF, and huCHRAC 
complexes all contain the WAL/BAZ member ACF1. The NuRF complex 
contains NuRF 301, the WICH complex contains WSTF, and NoRC 
contains TIP5, while the ISW2 complex in yeast contains Itc1. All of these 
components are members of the same family of proteins (Table 1). The most 
recently found member of the WAL/BAZ family, the Toutatis (Tou), was 
found in Drosophila as a protein that interacts with ISWI (Vanolst et al., 
2005). The WAL/BAZ proteins share similar sets of structural domains but 
the amino acid sequences are not similar. Conserved motifs are the C-
terminal bromodomain adjacent to a zinc finger PHD domain (plant 
homeodomain) (Aasland et al., 1996), a WAKZ motif 
(WSTF/ACF1/KIAA0314/ZK783.4) (Ito et al., 1999) and a DDT domain 
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(Doerks et al., 2001). WSTF, ACF1 and NuRF301 contain a WAC 
(WSTF/ACF1/cbp46) motif close to the N-terminal (Ito et al., 1999; Xiao et 
al., 2001), while TIP5 and Tou do not. The hWALp3 protein, which contains 
TIP5, and Tou have a putative methyl binding domain, pMBD (Hendrich 
and Bird, 1998). For an overview of structural domains found in members of 
the WAL/BAZ family of proteins, see Figure 2.  
 
It is believed that the proteins in the WAL/BAZ family enhance and 
modulate ISWI activity. Sliding by the recombinant ISWI moves the 
nucleosome from the centre to the end of a DNA fragment, while the 
CHRAC complex moves the nucleosome in the opposite direction (Corona 
et al., 1999). Experiments based on deletions of certain domains in ACF1 
indicate that the N-terminal, including the WAC domain, is important for 
modulating ISWI activity in the nucleosome assembly process, which is 
performed by the ACF complex (Fyodorov and Kadonaga, 2002). Mutations 
in other domains, such as the PHD and bromodomain, also lead to small 
defects in the assembly, indicating that multiple motifs contribute to the 
assembly. The WAC domain and the bromodomain may be involved in the 
interaction of ACF with chromatin; this would explain why deletions in 
these domains decrease the ATPase activity that is stimulated by 
nucleosomes. The central region, which contains the DDT domain and the 
N-terminal, is important for binding to ISWI and DNA (Fyodorov and 
Kadonaga, 2002).  
 

 

   pMBD

             WSTF 

 
             ACF1 

  WAC           DDT    WAKZ PHD  Bromo    

 
     NURF301
 

             TIP5

 

 

 

 

 

Figure 2. Distribution of conserved motif sequences in proteins of the 
WAL/BAZ family. The members in the WAL/BAZ family have similar protein 
domain structures. The degree of similarity between the domains is 30-40% (not 
indicated).  

 
NURF301 interacts with a sequence-specific transcription factor isoform of 
GAGA. This may explain why the NURF complex is involved in 
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transcriptional regulation. Deletion of the N-terminal of NURF301 affects 
nucleosome sliding, nucleosome binding and ATPase activity, if the deletion 
includes the NURF-specific domain but not the WAC-domain, but it does 
not influence the efficiency of assembly. NURF301 also holds the subunits 
together and maintains the structure of the complex (Xiao et al., 2001).  
 
The bromodomain in WSTF is responsible for binding to certain acetylated 
lysines in some core histones, and TIP5 binds to H4K16 through its 
bromodomain. These bindings coordinate the targeting of the complexes to 
the correct site in chromatin (Fujiki et al., 2005; Zhou and Grummt, 2005). 
Although proteins of the WAL/BAZ family have some structural domains in 
common, their functions are different. Indeed, the same protein can be 
involved in different functions, with different interacting partners. 

The WSTF protein 
The WSTF/BAZ1B protein is the product of the WBSCR9 gene. This gene is 
heterozygously deleted in patients with William-Beuren syndrome (Lu et al., 
1998; Peoples et al., 1998). The gene is located on human chromosome 7, 
and deleted in about 50% of the patients. The disease is a complex 
neurodevelopmental disorder that causes vascular and heart disease that is 
present at birth, growth defects, mental retardation and a characteristic 
personality. A number of other genes in the same region of the chromosome 
are deleted in patients with William’s syndrome, and a particular pattern of 
gene deletions gives rise to a distinct phenotype (Bellugi et al., 1990; Morris 
et al., 1988).  
 
WSTF is found in human and mouse and has sequence identity with proteins 
in amphibians such as Xenopus. In an attempt to identify proteins involved in 
chromosome condensation, a Xenopus WSTF-ISWI and an ACF1-ISWI 
complex was found. However, immunodepletion of WSTF and ACF1 caused 
no detectable defects in either chromosome condensation, sister chromatid 
cohesion or DNA replication (MacCallum et al., 2002). Similar results were 
obtained with the immunodepletion of xISWI, which did not effect sperm 
chromatin condensation, DNA replication or nucleosome assembly. ISWI 
was recruited to the chromatin with same efficiency with and without a 
replication inhibitor. The only obvious effect of ISWI depletion was the 
defects seen in the regularly spacing of nucleosomes (Demeret et al., 2002). 
Other studies have given contradictory results, and have led to the proposal 
that ISWI complexes are indeed involved in replication. For instance, the 
CHRAC complex in Drosophila stimulates replication from a nucleosomal 
origin on reconstituted SV40 DNA (Alexiadis et al., 1998). In situ 
hybridization in Xenopus shows that WSTF expression is restricted to neural 
tissues during embryonic development and might be involved in eye 
development (Cus et al., 2006). Furthermore, WSTF and SNF2h co-localize 
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with HP1β, a marker for pericentromeric heterochromatin, during 
replication, and with the thymidine analog, BrdU, which is incorporated into 
newly synthesized DNA during replication. The RNAi depletion of WSTF 
and ISWI decreases the incorporation of BrdU, an effect that is overcome by 
adding a DNA methylase inhibitor that decondenses the heterochromatin. 
These results have led to the suggestion that a WSTF-ISWI complex is 
required for DNA replication of heterochromatin (Bozhenok et al., 2002). 
More recent studies have shown that depletion also causes an increase in the 
amount of HP1ß, and an increase in the subsequent compaction of newly 
replicated chromatin. In addition, the proliferating cell nuclear antigen 
(PCNA) interacts with WSTF and targets it, and thereby SNF2h, to 
replication sites. Poot et al. have suggested that WICH plays a role in the 
maintenance of chromatin structures during replication (Poot et al., 2004).  

 
Another member of the WAL/BAZ family, ACF1, localises to 
pericentromeric heterochromatin during its replication in late S-phase in 
human and mouse cells. It has been suggested that an ACF1-ISWI complex 
facilitates DNA replication through heterochromatin, in the same way as the 
WICH complex does (Collins et al., 2002). Results from studies in flies that 
lack ACF1 suggest that ACF/CHRAC is involved in establishing or 
maintaining repressive chromatin (Fyodorov et al., 2004). The ACF complex 
is involved in the ATP-dependent assembly of nucleosomes, together with 
the core histone chaperone NAP-1 (nuclear assembly protein-1) (Ito et al., 
1997). The localisation patterns of ACF1 and WSTF are similar, but WSTF 
localises to mitotic chromosomes, whereas ACF1 does not (Bozhenok et al., 
2002). Immunoflourescence staining in Xenopus tissue culture cells, 
however, indicates that WSTF, ACF1 and ISWI mainly localize to the 
interphase chromatin. Mitotic chromosomes were weakly stained, but not at 
specific structures such as the centromeres (MacCallum et al., 2002). These 
conflicting results may reflect the complexity of the functions of ISWI-
containing complexes, and they may reflect differences in function that 
depend on the stage in the cell cycle, species and/or cell type studied.  
 
Different subunit compositions give the complexes their unique functions 
and localisations. Several subunits are found in more than one complex, 
however, and this makes determination of a specific function difficult. 
WSTF is not present only in the WICH complex: it has been isolated in a 
human multiprotein complex called WINAC (WSTF including nucleosome 
assembly complex). WINAC was found when searching for a co-regulator 
complex for the vitamin D receptor (VDR). A GST pull-down assay with a 
region of VDR was used as bait, and WSTF was identified as one of the 
proteins that associated with VDR. WSTF-containing complexes have been 
purified by affinity chromatography using cell lines that overexpress FLAG-
tagged WSTF on anti-FLAG and GST-VDR columns. Thirteen of the 
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WSTF-interacting sub-units are present in one high-molecular weight 
complex. These include factors such as CAF-1p150 and TopoIIß that are 
related to DNA replication, and they include several components of the 
SWI/SNF complexes, such as BRG1, hBRM and BAF proteins. It has been 
suggested that WINAC is involved in chromatin remodelling during DNA 
replication as WICH is. Furthermore, WINAC mediates the recruitment of 
VDR without a ligand to its target site at the promoter of the 1α-hydroxylase 
gene (Kitagawa et al., 2003). 1α-Hydroxylase is a key enzyme in vitamin D 
biosynthesis, and the gene is negatively regulated by vitamin D, the ligand of 
VDR (Takeyama et al., 1997). Association of unliganded VDR with the 
promoter requires the interaction between WSTF and VDR and that between 
WSTF and acetylated histones. The bromodomain in WSTF is responsible 
for the interaction with the acetylated lysine residues in the histones, 
H2BK12, H3K14 and H4K16. These results have led to a model for the role 
of WINAC in the regulation of the 1α-hydroxylase gene. The HAT complex, 
p300, acetylates histones in the promoter region and the gene is activated. 
WINAC associates to VDR without ligand. The ligand subsequently binds to 
VDR, and an HDAC complex is then recruited, WINAC associates with the 
acetylated histones and remodels the nucleosomes, and the gene enters a 
repressed state. A non-functional WINAC results in the failure of proper 
transcriptional regulation by VDR, and this may be due to impairment of 
coregulator recruitment to the gene (Fujiki et al., 2005). Patients with 
William’s syndrome do have lower levels of WSTF than healthy individuals, 
but it is not necessary that the effect on vitamin D metabolism causes severe 
effects in adults. Defects in vitamin D metabolism during growth, however, 
are critical (Kitagawa et al., 2003).  

 
WSTF is one component of complexes with different subunit compositions 
and with ATPases from 2 different classes of the SWI2/SNF2 family. It has 
therefore been suggested that WSTF serves as a dual platform, capable of 
forming distinct complexes with different functions (Kitagawa et al., 2003). 
The ability of WSTF to interact with acetylated histones makes it a good 
candidate for targeting components to chromatin in processes that need to be 
regulated.  
 

Roles for ISWI complexes in transcription 
It has been reported that several ISWI complexes are involved in both 
transcriptional activation and repression in vitro and in vivo. The NURF 
complex in both Drosophila and human is involved in transcriptional 
activation, and ISWI complexes, such as NoRC in mammals (see page 40) 
and the ISWI complexes in yeast, are also involved in the repression of 
transcription. Isw2, for example, is able to slide nucleosomes at specific 
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positions and displace bound activators from their targets in chromatin 
(Kassabov et al., 2002). The Isw1 complexes play roles at different stages of 
transcription, such as initiation, elongation, and termination. Isw1a is 
associated with silencing and gene repression, whereas Isw1b appears to 
control elongation and termination (Mellor and Morillon, 2004). Most of the 
reports concern the role of ISWI complexes in RNA polymerase II 
transcription. Less is known about transcription mediated by RNA 
polymerase I and RNA polymerase III, and it is likely that further work will 
show that ISWI complexes are involved in all types of transcription.  

Transcription mediated by RNA polymerase I and III  

RNA polymerase I transcription 
Ribosome biogenesis in the eukaryotic cell takes place only in the nucleolus, 
ribosomes being formed here as a result of the synthesis and processing of 
ribosomal RNA (rRNA). rRNA transcription contribute to up to 70 % of all 
nuclear transcription in actively growing cells. One human embryonic cell 
contains 5-10 million ribosomes, and thus large quantities of rRNA are 
needed. The cell is able to transcribe a high level of rRNA during cell 
growth by having several hundred genes that encode for rRNA.  
 
The multiple copies of rRNA genes are repeated in tandem head-to-tail gene 
clusters, forming the nucleolar organizing regions (NORs). One repeat in a 
human cell contains an intergenic space with regulatory elements of about 30 
kb, while the sequence that encodes rRNA is about 13 kb. Ribosomal RNA 
synthesis starts with the transcription of a pre-ribosomal RNA, 47S/45S, 
which is processed stepwise into the final 18S, 5.8S and 28S rRNAs. RNA 
polymerase I (Pol I) is the enzyme responsible for the transcription of the 
pre-rRNA. The 5S rRNA is transcribed by the RNA polymerase III (Pol III) 
in the nucleoplasm and migrates to the nucleolus, where it assembles with 
the 28S, 5.8S RNAs and with proteins to form the large ribosomal unit. The 
small ribosomal unit consists of 18S rRNA and proteins, and it is finished 
and delivered to the cytoplasm faster than the large unit. The difference in 
processing times ensures that the pool of precursors for the large subunit is 
larger than the pool for the small unit (Grummt, 2003; Russell and 
Zomerdijk, 2005; White, 2005). 
 

The transcription cycle for Pol I 
RNA polymerase I requires fewer transcription factors for basal transcription 
in vitro than RNA polymerase II requires, although additional factors 
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increase the transcription efficiency. The pre-initiation complex (PIC) is 
formed in all eukaryotes – this is the process in which the core-promoter-
binding factor binds to a factor known as RRN3 in humans and TIF-1A in 
mouse, which is associated with Pol I. PIC recruits in this way Pol Iß (the 
initiation competent form of Pol I) to the promoter (Miller et al., 2001). PIC 
associates with the polymerase only if TIF-1A is phosphorylated (Zhao et 
al., 2003). The core-promoter-binding factor in humans is known as “SL-1” 
(selectively factor 1), and it is a 300 kDa complex that consists of the 
TATA-binding protein (TBP) and three or four Pol I specific TBP-associated 
factors (TAFs). TBP does not associate with the rDNA promoter during Pol I 
transcription as it does during Pol II transcription. One of the TAFs in 
human SL-1 associates with the UBF (upstream-promoter-element-binding 
factor) instead. UBF binds to the upstream core element (UCE) and core 
regions via the HMG (high mobility group) proteins. UBF also binds the 
repetitive ribosomal enhancers, and it can induce a formation of the DNA 
structure that facilitates the binding of SL-1 and UBF itself (Thomas and 
Travers, 2001). A recent study, however, has presented results that are 
inconsistent with this. Zomerdijk et al. has shown that SL1 can direct proper 
Pol I transcription even in the absence of UBF, and that it can interact with 
the rDNA promoter independently of other factors. They suggested that SL1 
directs PIC formation and stabilizes the association of UBF with the 
promoter in mammalian cells (Russell and Zomerdijk, 2005).  
 
A termination factor, TTF-1, also plays a role in the initiation process. This 
factor binds to a terminator sequence that lies upstream of the promoter and 
interacts with the histone acetyltransferase (HAT) complex, p300/P/CAF. 
The HAT complex acetylates one TAF subunit in the SL1 complex and 
enhances in this way binding of SL1 to the promoter. TTF-1 is also involved 
in rDNA silencing: it recruits the NoRC complex and a co-repressor 
complex (Muth et al., 2001; Strohner et al., 2004).  
 
Formation of PIC leads to opening of the promoter and incorporation of the 
first ribonucleotide. Synthesis continues until the enzyme is surrounded by 
transcription factors that inhibit the interactions, and Pol Iß then escapes 
from the promoter in a process known as “promoter clearance”. It has been 
reported that a factor associated with Pol I known as TIF-1C in mouse, is 
required for promoter clearance (Schnapp et al., 1994). The initiation 
competent form, Pol Iß, is converted by the loss of RRN3 into the elongating 
form, Pol Iε (Milkereit and Tschochner, 1998). TIF-1C can also increase the 
rate of elongation and suppress pausing of Pol I (Schnapp et al., 1994). The 
elongation can be interrupted at sites of DNA damage in the rDNA template 
(Conconi et al., 2002). Transcription-coupled repair occurs in genes that are 
transcribed by Pol I, a fact that might explain the presence of DNA repair 
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proteins such as TFIIH and CSB in a complex with Pol I in the nucleolus 
(Bradsher et al., 2002). 
 
The nascent pre-rRNA is transcribed until the Pol Iε, bound by TTF-1 and 
the transcription release factor PTRF, terminates at a specific terminator 
sequence (Jansa and Grummt, 1999). The SL1 and UBF remain bound to the 
promoter after the escape of Pol Iε, and make it possible for recruitment of a 
new Pol 1ß. PIC can now reinitiate transcription (Panov et al., 2001).  
 
Processing of the pre-rRNA is catalyzed by small nucleolar RNAs 
(snoRNA). RNA helicases, such as the RNA helicase II/Guα, are also 
involved in the processing. Downregulation of Guα using small interfering 
RNA in HeLa cells results in an 80% decrease in the production of 18S and 
28S rRNA. Guα in Xenopus oocytes is decreased by small interfering RNA 
in the same manner. While 18S rRNA disappears, 20S RNA accumulates, 
indicating that Guα is critical in the processing of 20S to 18S rRNA in 
Xenopus. The 28S rRNA is also degraded into small fragments when the 
level of Guα is decreased, suggesting that Guα contributes to the stability of 
28S (Yang et al., 2005a). snoRNAs and proteins bind immediately to newly 
formed pre-rRNA to form pre-ribonucleoprotein particles (pre-rRNPs), 
which are then processed into the resulting 18S, 5.8S and 28S RNAs. The 
5S-RNA that is transcribed by Pol III does not undergo extensive processing 
(Russell and Zomerdijk, 2005; White, 2005).  

RNA Pol III transcription 
RNA polymerase III is responsible for the transcription of 5S RNA, tRNA, 
U6 snRNA, 7SK RNA, 7SL RNA, and some other small untranslated RNA 
that is involved in RNA processing. The short interspersed nuclear elements 
(SINES), which include the ALU genes, are also transcribed by the Pol III 
enzyme. The 7SL RNA is a component in the signal-recognition particle, a 
complex responsible for directing and inserting peptides into or through 
membranes. 7SK RNA is involved in the regulation of Pol II transcription, 
while snU6 RNA is involved in RNA processing. About 15% of the total 
amount of RNA in a growing HeLa cell is tRNA (White, 2005). 
 
Polymerase III transcription occurs within the nucleoplasm in most species, 
and in the nucleolus in a few species. Some steps of the processing take 
place in the nucleolus in all species, even those in which transcription of 
tRNA occurs in the nucleoplasm (Bertrand et al., 1998; Thompson et al., 
2003). There are about 2,000 sites for Pol III transcription in HeLa cells, and 
each site contains an average of five molecules of active Pol III (Pombo et 
al., 1999). An accumulation of Pol III transcripts is often found around the 
nucleolus in transformed cells (Wang et al., 2003).  
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The transcription cycle for Pol III 
Genes transcribed by the Pol III enzyme have been classified into at least 
four different types, depending on the regulatory elements in the promoters. 
The type of promoter also determines which factors are involved in the 
initiation of transcription. The 5S rRNA gene has a type I promoter with 
three internal elements: A block, C block, and an intermediate element (IE) 
that is required for efficient transcription (Pieler et al., 1987). The 5S 
promoter is initially recognized by the multisubunit complex TFIIIC, a 
process that requires TFIIIA in Xenopus laevis (Engelke et al., 1980; Yang et 
al., 2005b). tRNA gene promoters are type II promoters and have two 
internal elements, the A and the B block. Studies in yeast have shown that 
the A block and the B block are bound by the TFIIIC simultaneously, as a 
result of a dynamic linker region within the complex (Schultz et al., 1989). 
There are two kinds of TFIIIC in human, TFIIIC1 and TFIIIC2, and these 
are both required for transcription of tRNA genes and 5SRNA genes (Oettel 
et al., 1997). TFIIIC2 binds to the B block in type II promoters, and then 
recruits TFIIIC1 and TFIIIB (Dean and Berk, 1988). TFIIIC recruits TFIIIB, 
a complex that contains TBP, in all Pol III promoter types. Most type I and II 
promoters lack a TATA box, and this means that they cannot be recognised 
directly by TFIIIB, although it has TBP. TFIIIB is therefore recruited to the 
promoter via TFIIIC (Kassavetis et al., 1989).  
 
Type III promoters do not have the internal promoter elements that are 
required for transcription. The human snU6 and the 7SK are examples of 
genes with a type III promoter. These genes have a TATA box, a proximal 
sequence element (PSE) and a distal sequence (DSE), instead of the internal 
elements (Kunkel and Pederson, 1988). The promoter of the U2 snRNA 
gene, which is transcribed by the Pol II enzyme, also contains a PSE and a 
DSE (Lobo and Hernandez, 1989). The transcription of U6 snRNA and 7SK 
RNA requires only TFIIIC1 and not TFIIIC2 to recruit TFIIIB (Hu et al., 
2003; Oettel et al., 1997). The PSE is recognised by the SNAPc complex, 
and one of the subunits within the complex contains a Myb DNA-binding 
domain (Wong et al., 1998). The SNAPc interacts with TBP and thus with 
TFIIIB (Henry et al., 1995). 
 
The fourth type of promoter is found in the human 7SL RNA gene (Ullu and 
Weiner, 1985). The 7SL promoter is partly internal, and it has an A block 
and a cAMP-responsive element (CRE) within the 5´-flanking region. 
Transcription, however, is not regulated by cAMP even though there is a 
CRE in the promoter (Muller and Benecke, 1999). Transcription of the 
human 7SL gene requires both the A block and a specific secondary structure 
at the 5´-end of the nascent 7SL RNA (Emde et al., 1997). 
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The TFIIIB complex recruits Pol III independently of the type of promoter, 
and is required for formation of the transcription bubble, the location where 
which the Pol III melts the DNA helix around the initiation site (Kassavetis 
et al., 1992; Kassavetis et al., 1998). Pol III dissociates from TFIIIB (which 
remains bound to the promoter) without pausing, and Pol III progresses into 
the gene. There are no specific elongation factors for Pol III transcription, as 
far as we know, and these specific factors may not be needed due to the short 
length of the genes that are transcribed (Paule and White, 2000).  
 
The Pol III enzyme itself recognises termination sites in the absence of 
termination factors. Four or more thymine residues serve as terminator 
signals (Koski et al., 1982). It has been proposed that the autoantigen La is 
involved in termination by Pol III in mammals (Maraia et al., 1994). 
Experiments using the ChIP method have shown that human La is present at 
genes transcribed by Pol III in vivo (Fairley et al., 2005). The newly 
transcribed tRNA in yeast is bound by the La protein at the 3´-termini and 
the protein acts as a chaperone, protecting the RNA from exonucleases and 
promoting maturation (Huang et al., 2005; Maraia and Intine, 2001). The 
pre-tRNA molecule consists of 120 nucleotides, while the mature tRNA has 
a length of 75-80 nucleotides. One specific 5´ sequence is found in all tRNA, 
and a short intron is found in some tRNA. These are both cleaved away in 
the mature tRNA. A new round of transcription can take place immediately 
after transcription, as the Pol III enzyme is recycled without being released 
from the gene (Jahn et al., 1987). 

 

The role of actin and nuclear myosin 1 in transcription 
Evidence is accumulating that nuclear actin plays a role in the transcription 
carried out by all three classes of RNA polymerase, in different species. 
Nuclear myosin 1 (NM1), on the other hand, is involved only in Pol I and 
Pol II transcription (Fomproix and Percipalle, 2004; Hofmann et al., 2004; 
Hu et al., 2004; Pestic-Dragovich et al., 2000; Philimonenko et al., 2004; 
Visa, 2005). Actin has been extensively studied in its role as a cytoplasmic 
cytoskeletal protein, and it has subsequently been discovered that actin in the 
nucleus is involved in transcription, RNA processing and export. Actin is 
also a component of chromatin remodelling complexes such as the BAF 
complex and the INO80 complex, and a component of histone 
acetyltransferase complexes (Bettinger et al., 2004). In vitro studies in a 
human cell line have shown that actin is associated with the Pol III enzyme, 
and that actin is required for transcription of the snU6 gene in a reconstituted 
system. ChIP experiments have also shown that actin is located at the 
promoter region of the actively transcribed U6 gene in vivo (Hu et al., 2004).  
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The NM1 protein is a monomeric form of myosin 1, with a specific N-
terminal extension of 16 amino acids that is required for its localisation to 
the nucleus. NM1 interacts with Pol II and co-localizes with it, while 
treatment with α-amanitin eliminates the co-localization. In addition, 
depletion with antibodies inhibits mRNA synthesis (Pestic-Dragovich et al., 
2000). Actin and NM1 act in a complex manner on actively transcribing 
rRNA genes in living cells. NM1 interacts with actin, as was shown by 
experiments using a crosslinker in an immunoprecipitation experiment 
(Fomproix and Percipalle, 2004). Several experiments , such as ChIP, 
depletion of NM1 with short interfering RNA, and immunodepletion of actin 
and NM1, have shown that both actin and NM1 are associated with the 
rRNA gene and involved in the regulation of Pol I transcription. NM1 
associates with the initiation form of Pol I by its interaction with TIF-1A, 
whereas actin associates with both initiation and elongation competent 
polymerase directly (Philimonenko et al., 2004).  
 
It is clear that both actin and NM1 have a function in transcription, but 
questions remain concerning the exact mechanisms and the order of 
recruitment. It also needs to establish the target genes and the stage or stages 
of the transcription cycle that require actin and NM1. These two proteins act 
in a complex manner, and their target and functions differ as a result of 
factors that are not fully understood. 

Regulation of Pol I and Pol III transcription 
Pol I and Pol III transcription must be regulated to provide the required 
levels of protein synthesis in response to extracellular signals that influence 
cell growth and proliferation. Cell division requires a certain rate of cell 
growth that primarily depends on the rate of protein synthesis. Both Pol I 
and Pol III transcription are involved in protein synthesis, and it is therefore 
essential that these two processes are tightly co-regulated. The transcription 
of rDNA in mammals is regulated in a manner that depends on position in 
the cell-cycle. rDNA transcription is downregulated during mitosis, and then 
increases gradually through G1 to reach its maximum in S-phase and in G2. 
Only 50% of the rRNA genes are actively transcribed during interphase. The 
degree of phosphorylation of SL1 changes during the cell cycle, and this 
may be one reason for the changes in transcription (Grummt, 2003; Moss, 
2004). The phosphorylation status of transcription factors is a common way 
of influencing the levels of both Pol I and Pol III transcription. The 
abundance of different transcription components can also regulate the 
polymerases, as can the abundance of other factors distinct from the basal 
transcription machinery. 
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The synthesis of 5.8S, 18S and 28S must be coordinated with the production 
of 5S and tRNA. One factor involved is the extracellular signal-regulated 
kinase (ERK), which responds to mitogenic signals that activate receptors on 
the cell surface. This will start an enzyme cascade, the activation of which 
results in the stimulation of Pol I and Pol III transcription (Pardo et al., 
2002). ERK binds to TIF-1A, UBF and TFIIIB, and phosphorylates them. 
Phosphorylation of UBF impairs the DNA-binding properties of UBF, while 
phosphorylation of TFIIIB enhances its binding to Pol III and TFIIIC 
(Downward, 2003; Lehmann et al., 2000; Pardo et al., 2002). ERK binds to 
TIF-1A, UBF and TFIIIB, and phospohorylates them. Phosphorylation of 
UBF impairs the DNA-binding properties of UBF and phosphorylation of 
TFIIIB enhances the binding to Pol III and TFIIIC (Felton-Edkins et al., 
2003a; Stefanovsky et al., 2001; Zhao et al., 2003). ERK also stimulates 
cyclin D production, which leads to phosphorylation of the retinoblastoma 
protein (RB), an inhibitor of cell growth and proliferation. The 
phosphorylated RB is inactive. RB is an important tumour suppressor that 
prevents cell cycle entry in the absence of the correct mitogenic signals. 
Both Pol I and Pol III transcription are repressed by the binding of RB to 
UBF and TFIIIB (Cavanaugh et al., 1995; Felton-Edkins et al., 2003b; White 
et al., 1996). Pol I transcription is downregulated by the binding of RB to 
UBF, which prevents UBF from recruiting SL1. The interaction between RB 
and TFIIIB results in a loss of TFIIIB activity, and TFIIIB cannot bind Pol 
III and TFIIIC (Hannan et al., 2000b). However, this seems not to be the 
case for snU6 RNA genes, when RB is present (Hirsch et al., 2004). The 
tumour suppressor p53 affects Pol I and Pol III transcription in a similar 
manner. p53 regulates the transcription of several genes, including those for 
rRNA and tRNA. Inactivation of p53 in mouse fibroblasts leads to an 
increase in tRNA and rRNA synthesis (Crighton et al., 2003; Sugimoto et 
al., 2003). Inactivation of endogenous RB results in a higher level of the 
synthesis of Pol III transcripts, but it does not affect Pol I activity. Pol I 
activity increases only if p130, a relative to RB with a similar function, is 
inactivated (Ciarmatori et al., 2001; Hannan et al., 2000a; Sutcliffe et al., 
1999).  
 
The oncoprotein Myc, in contrast to RB and p53, stimulates rRNA and 
tRNA synthesis (Gomez-Roman et al., 2003; Grandori et al., 2005). Myc is 
stabilized by phosphorylation when the ERK pathway is stimulated, and its 
concentration increases (Sears et al., 1999). ChIP experiments have 
established that Myc is associated with the genes for tRNA and rRNA. The 
expression levels of rRNA and tRNA decrease when endogenous Myc is 
removed by RNAi (Arabi et al., 2005; Felton-Edkins et al., 2003b; Gomez-
Roman et al., 2003). Myc can stimulate Pol I transcription in different ways, 
both by inducing UBF expression, and by binding to SL1 and promoting it’s 
binding to the promoter (Grandori et al., 2005).  
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A pathway known as the “target of rapamycin pathway”, or the “TOR” 
pathway, regulates cell growth and proliferation. The TOR pathway is 
activated by stimulation with insulin-like growth factor, and this activation 
leads to an increase of SL1 binding to the rRNA promoter. It has also been 
suggested that TIF-1A is regulated by the TOR pathway, although, the 
results have been contradictory. Inactivation of TOR in mouse fibroblasts 
downregulates TIF-1A activity in some cases, and upregulates it in others 
(Hannan et al., 2003; Mayer et al., 2004; Zhao et al., 2003). 

 
The TOR and ERK pathways have been implicated in the regulation of Pol I 
transcription in the response to mitogens, growth factors and nutrient 
availability. The levels of rRNA and tRNA are low in cells starved of 
nutrients. This is partly due to the effects of RB. Mitogens activate cyclin 
dependent kinases (CDKs), which phosphorylate RB. Furthermore, the 
interaction between RRN3 and Pol I is weakened in mammalian cells that 
are given limited access to nutrition (Yuan et al., 2002). rDNA transcription 
is activated when NIH cells are stimulated with serum after starvation, and 
this activation correlates with the phosphorylation of UBF (Grummt, 2003). 
Treatment of serum-starved mouse cells with the insulin-like growth factor 1 
(IGF-1) leads to the phosphorylation of UBF by the nuclear 
phosphatidylinositol 3-kinase (PI3K), and the synthesis of rRNA increases 
(Drakas et al., 2004). However, Pol I transcription does not rise in response 
to growth factors when access to nutrients limits the growth (James and 
Zomerdijk, 2004). 
 
The different pathways and components that regulate rRNA and tRNA 
synthesis act in a complex network with extensive cross-talk between the 
pathways in the network. The contribution from each of these pathways 
varies from one cell type to another, and they depend on the cellular 
environment. It is important to maintain the balance in this network as 
disturbances in the Pol I and Pol III transcription levels can have severe 
consequences for the organism. Mutations in RB and p53 are common in 
several tumour types, for example, and ERK is abnormally active in 30% of 
human tumours (White, 2005). Cell growth and cell-cycle progression are 
linked in transformed cells, but cell growth is not coupled to the requirement 
for growth factors. The level of Pol I transcription is increased in 
transformed cells, and this gives an enlarged nucleolus, something that is 
often used as a prognostic marker for proliferation of cancer cells (Derenzini 
et al., 1998; Russell and Zomerdijk, 2005). 
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Chromatin structure at the RNA Pol I genes 
The chromatin structure itself and the influence of chromatin remodelling 
can regulate the level of transcription. Nucleosomes are distributed all over 
the rRNA gene, although the exact nature of actively transcribed rDNA 
chromatin is unknown. In vivo cross-linking experiments have shown that 
there are two sorts of rRNA gene in growing cells, one that is free of 
regularly spaced nucleosomes and associated with nascent RNA transcripts, 
and one that has regularly spaced nucleosomes and corresponds to the 
inactive rRNA genes. This suggests that changes in transcriptional activity 
are influenced by a change in chromatin structure over the rRNA genes 
(Conconi et al., 1989; Dammann et al., 1993; Dammann et al., 1995). RNA 
Polymerase II causes loss of the H2A/H2B dimer during transcription, but 
nucleosomes in the transcribed region of polymerase I are unfolded and all 
four core histones remain associated. The Pol I enzyme itself plays an active 
role as it transcribes through nucleosomes, either by disrupting or bypassing 
the nucleosomes. Pol I, thus, may be assisted by chromatin remodelling 
(Kireeva et al., 2002; Prior et al., 1983). 
 
The epigenetic memory determines which genes are closed and which are 
open, and this memory depends upon different chromatin modifications. 
Methylation of lys9 at histone H3 and methylation of DNA at CpG residues 
are epigenetic markers for heterochromatin, and consequently they are 
markers also for the silencing of rRNA genes. Promoters of active rDNA in 
mouse are unmethylated and associated with acetylated histones, while the 
opposite pattern is seen in silent genes (Zhou and Grummt, 2005). DNA 
methylation, H3-lys9 methylation and remodelling are often closely linked 
in the process of gene silencing. A model has been proposed for the co-
operation, in which the NoRC is recruited to the promoter by the interaction 
between TIP5 in the complex and TTF-1. The ability of NoRC to remodel 
nucleosomes allows the complex to place a nucleosome in a position that 
inhibits PIC formation. NoRC then recruits DNA methyltransferase, and 
HDAC activity increases, to maintain the repressed state of chromatin. An 
alternative model is that NoRC functions as a platform for DNA. Histone 
modifications take place at this platform, and these modifications influence 
the remodelling activity and stabilise a specific nucleosome position (Zhou 
and Grummt, 2005). 
 
ATP hydrolysis is not essential for Pol I transcription, but it is likely that 
remodelling activities are involved in facilitating and activating Pol I 
transcription. It remains to be determines if any remodelling complex or unit 
is involved in the activation of Pol I transcription, and if so, which one. The 
SWI/SNF complex, the Mi-2 related complex and the CSB protein have all 
been suggested as possible activators for Pol I transcription (Grummt and 
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Pikaard, 2003). Other questions remain: which signals and markers 
determine which genes are transcribed by the Pol I enzyme? How are 
activating and repressing complexes recruited to the rDNA promoters? 
 

Chromatin structure at the RNA Pol III genes 
We know less about the chromatin structure in genes transcribed by Pol III, 
and how the structure influences the transcription machinery than we know 
about the other types of transcription. The major studies have been done on 
the 5S rRNA gene in Xenopus, which has been a frequently used system for 
studying chromatin organisation and its effect on transcription. Most of the 
tRNA gene transcription is not repressed by the chromatin structure; the 
transcription of the 5S rRNA genes is one process that is affected, in this 
case being repressed by the injection of H1 mRNA into Xenopus oocytes 
(Bouvet et al., 1994; Wolffe, 1994). Binding of the 5S transcription factor, 
TFIIIA is limited in a 5S RNA gene template that has been reconstituted into 
a nucleosome. Removal of histone tail domains stimulates the binding of 
TFIIIA to the nucleosome, which is consistent with this. Further, the binding 
of TFIIIA does not depend on nucleosome movement (Yang et al., 2005b).  

 
A study in yeast has shown that remodelling of chromatin by Isw2 upstream 
of tRNA genes leads to changes in the chromatin structure at the genes, and 
makes the insertion of a retrotransposon possible (Gelbart et al., 2005). The 
Bdp1p, a subunit of TFIIIB, is required for targeting the Isw2 complex to the 
genes, although Isw2 does not affect the level of transcription of tRNA. This 
is the only example so far of the recruitment of an ATP-dependent chromatin 
remodelling factor by a general transcription factor in vivo (Bachman et al., 
2005). 
 
The U6 gene in yeast has both an A and a B block, which is not the case for 
the U6 gene in mammals. The gene in yeast is flanked on both sides by 
positioned nucleosomes, and a deletion in the B block results in the 
disappearance of the organisation of nucleosomes. The transcription level of 
U6 genes does not change when the H4 gene is inactivated. This led to the 
conclusion that the chromatin structure does not influence the transcription 
activity of U6 genes in yeast (Marsolier et al., 1995). The mammalian U6 
gene has a nucleosome positioned in the middle of the promoter during 
interphase, but this nucleosome disappears during mitosis, when 
transcription is silenced (Komura and Ono, 2005). TFIIIC that interacts with 
the B block in a U6 gene template is able to displace nucleosomes. It has 
therefore been suggested that TFIIIC weakens the interactions between 
nucleosomes and the transcribed region, in addition to its function of 
recruiting TFIIIB (Burnol et al., 1993). The large subunit of TFIIIC2, 
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TFIIIC220, has histone acetyltransferase activity in human, as does its 
orthologue in Chironumus tentans (Kundu et al., 1999; Sjolinder et al., 
2005).  
 
There are about 500 000 Alu genes in the human genome, and it is therefore 
important for the cell to avoid transcribing all of these genes. Most of the 
Alu promoters are silenced in HeLa cells by the presence of positioned 
nucleosomes over the start site and the A block. The Alu sequence also 
contains high levels of CpG, which leads to highly methylated genes 
(Englander et al., 1993). 
  
The number of nucleosomes in the regions transcribed by Pol III is limited, 
as the Pol III genes are very short: the tRNA genes are about 100 base-pairs 
long, and the longest gene, 7SL, is about 500 bp. Genes transcribed by other 
polymerases are longer. The few nucleosomes present in genes transcribed 
by Pol III most certainly present an obstacle for regulatory factors, and some 
remodelling complexes might be involved. Differences in promoter 
structures of Pol III transcribed genes serve as a possible way of recruiting 
the correct component to a particular target gene. 
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The present investigation 

Paper I 
 

The WSTF-SNF2h chromatin remodelling complex interacts 
with several nuclear proteins in transcription  

 
This study arose from an attempt to map ATP-dependent chromatin 
remodelling complexes in HeLa cells biochemically. We extracted proteins 
from the chromatin in high salt concentration (0.7 M), instead of the 0.42 M 
that is most often used when extracting nuclear proteins (Dignam et al., 
1983). WSTF-complexes extracted when using the high salt concentration 
were not extracted with low salt concentrations, indicating that they are 
tightly bound to the chromatin and that they are distinct from the complexes 
that are eluted in low salt concentrations. Interestingly, the high-molecular 
weight WSTF complex that was extracted at high salt concentration, in a 
process involving several columns, was disrupted when passed over a 
Heparin column. We therefore separated the fractions from the Heparin 
column on a Superose 6 column, and found that only fractions eluted at 
approximately 700 kDa contained WSTF. Different purification and assay 
conditions produced complexes with different subunit compositions. This 
variety of complexes may reflect the dynamic behaviour of the complexes at 
different stages of the cell cycle, or it could reflect the formation of 
intermediate assemblies during a certain process. These observations raise 
questions concerning the definition of a "complex".  
 
The WSTF protein can play several roles in the cell, depending on the 
proteins that interact and the target. B-WICH forms only when active 
transcription is taking place, and the B-WICH assembly contains RNA. An 
increasing number of reports indicate a connection between RNA and 
chromatin. Various chromatin-associated proteins have been implicated in 
binding to RNA, and it has been suggested that the RNA acts as a recruiter 
of chromatin-modifying complexes (Bernstein and Allis, 2005). One 
example of the recruitment process is thought to be that of RNA, which may 
be required to target heterochromatin formation at pericentric regions. The 
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association of HP1α to these regions depends on its binding to RNA 
(Muchardt et al., 2002). In the dipteran Chironomus tentans, the growing 
pre-mRNA recruits HAT activity to the gene {Sjölinder, 2005 #283}.   

 
Many of the proteins in the B-WICH complex are associated with rRNA 
transcription, and both pol I and pol III RNAs are present in B-WICH. This 
led me to investigate whether this novel WSTF-SNF2h constellation is 
involved in the transcription of rRNA genes. Paper II describes the roles of 
WSTF and SNF2h in pol I transcription. The pol III transcripts present in the 
B-WICH are 5S rRNA and 7SL RNA, which suggests that WSTF-SNF2h is 
involved in the transcription of these genes. This suggestion is further 
supported by the presence of WSTF-SNF2h and a third component NM1 at 
the 5S rRNA and 7SL genes. Not much is known about the chromatin 
structure in genes transcribed by Pol III, and even less is known about 
chromatin remodelling at these genes. The 5S gene has a nucleosome 
positioned over the gene (at least in vitro), while the U6 snRNA gene has a 
nucleosome upstream of the gene (Komura and Ono, 2005; Stunkel et al., 
1995; Yang et al., 2005b). This structural difference may be the reason that a 
chromatin remodelling complex is required at the 5S gene but not at the U6 
gene. We suggest that B-WICH may regulate the transcription of some of the 
genes transcribed by Pol III, and we propose that NM1 plays a role in Pol III 
transcription (in addition to its roles in Pol I and II transcription). 
 

Studies of SWI/SNF complexes 

Variations in biochemical composition and chromatin 
association of mammalian SWI/SNF complexes 

 
The WSTF protein also interacts with SWI/SNF complexes, the BAF type of 
complex, in a distinct complex, WINAC. We could not detect any 
interaction between any BAF subunit and WSTF. However, as a result of 
this study we observed that the composition of the two subgroups of 
SWI/SNF complexes in mammalian cells, BAF and PBAF, was not strict. 
By immunoprecipitation using several SWI/SNF antibodies, we detected the 
PBAF specific BAF180 and the BAF specific BAF250 in the same complex 
(Asp, P., Tångefjord, J., Cavellán, E. and Östlund Farrants, A.-K., 
manuscript). The occupancy of the different SWI/SNF subunits on five 
SWISNF-dependent genes in HeLa cells also confirmed a more 
heterogenous complex formation. BAF250 and BAF180 were found on the 
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same gene promoter, and the recruitment of different subunits was very 
specific for the different genes. Two core components, BAF170 and 
BAF155, which are very similar, were not together occupying the selected 
genes. Instead, on some genes only BAF170 or only BAF150 was recruited 
(Figure 1). This could reflex the presence of many sub-complexes prior to 
recruitment, and that the complexes are formed on the genes depending on 
specific requirements of the gene in question. 
 

 
 
 

 
 
 
 

 

 

Figure 1. (A) Immunoprecipitation of nuclear extract prepared with 0.42M KCl 
using Baf250, Brg1, Baf180 and Baf170. The proteins precipitated were separated 
on SDS-PAGE and transferred to a PVDF membrane. The proteins in each complex 
were visualised by the antibodies indicated to the left. (B) Chromatin IP using 
antibodies against different components of SWI/SNF complexes as indicated on the 
top. Five SWI/SNF-dependent promoter regions, CSF1, TAGLN, CRYAB, SPARC 
and ECM1 were examined for occupancy of SWI/SNF components. The βactin 
promoter region was used as a control.  
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Paper II 

The chromatin remodelling complex WSTF-SNF2h interacts 
with nuclear myosin 1 and serves a role in RNA polymerase I 

transcription 
 
Paper II describes the first chromatin remodelling complex that is known to 
be required for the efficient transcription of genes transcribed by RNA 
polymerase I. The results show how a WSTF-SNF2h complex associates to 
NM1 and is localised to the promoter and to the coding region of rRNA 
genes.  
 
The nuclear myosin 1 protein may target the WSTF-SNF2h complex to the 
promoter, but we do not know the exact order of recruitment. It is also 
possible that WSTF interacts with acetylated histones through its 
bromodomain and brings the ATPase (SNF2h) and NM1 to the promoter. 
The bromodomain in WSTF is responsible for the interaction with the 
acetylated lysine residues in the histones, H2BK12, H3K14 and H4K16 
(Fujiki et al., 2005). These findings suggest that a HAT complex arrives first 
and acetylates certain histones, which in turn attract the WSTF complex. In 
contrast to NoRC, the first remodelling complex found in the nucleolus that 
associates to the promoter of silent rRNA genes (Strohner et al., 2001), the 
WSTF-SNF2h-NM1 complex associates to active genes. NoRC recruits 
DNA methyltransferase and HDAC activity to hold the gene in the repressed 
state (Santoro and Grummt, 2005). It is also possible that the WSTF-SNF2h 
complex acts in a similar manner, but recruits a HAT instead of an HDAC 
for holding the chromatin in an open conformation.  
 
We have shown that NM1 is associated to both the coding region and the 
promoter, which contrasts with earlier studies showing that NM1 associated 
only to the promoter. This difference probably is due to our using a different 
antibody and protocol. This demonstrates one of the weaknesses of using 
antibodies and the importance of using comparable techniques to verify the 
data. However, the discrepancy may improve our knowledge of how the 
protein acts in vivo, as some epitopes may be hidden or exposed in different 
conditions, and this could affect the binding. In addition, conformational 
changes in the protein may also influence the recognition of an antibody.   
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In living cells, actin and NM1 act as a complex on actively transcribed 
rRNA genes. The interaction between NM1 and actin is seen only when a 
crosslinker is used in the immunoprecipitation experiment, indicating that 
the interaction is dynamic (Fomproix and Percipalle, 2004). This may 
explain why no actin was found directly associated to the WSTF-complex in 
this study.  
 
NM1 co-eluted and interacted with WSTF in the high-molecular weight 
range of a Superpose 6 column (Figure 2A in Paper II). The RNA helicase 
II/Guα subunit within B-WICH is involved in processing of rRNA in 
Xenopus and HeLa cells (Yang et al., 2005a). Other factors that may be 
involved in rRNA processing are the myb binding protein 1a and CSB. Our 
results showing that RNA-processing factors are associated to the WSTF-
SNF2h core support a role for WSTF-SNF2h in post-initiation events, in 
which NM1 also plays a role. 
 

 

Paper III 
 

The WSTF-SNF2h assembly regulates Pol I transcription 
 

The B-WICH assembly is involved in the regulation of Pol I transcription 
(Paper II), but the details of how this assembly contributes to the regulation 
remain to be established. The complex of WSTF-SNF2h with NM1 
associates to the rRNA gene and may function as an activator of Pol I 
transcription (Paper II). Paper III describes experiments that further 
examined the role of WSTF-SNF2h-NM1 in Pol I transcription. We wanted 
to see if the proteins remained associated to the gene even if Pol I 
transcription was diminished. The ChIP analysis showed that WSTF and 
SNF2h leave the rRNA gene when Pol I transcription is reduced in starved 
cells. The level of the WSTF protein is lower in cells that have been starved, 
while the level of SNF2h remains constant. This indicates that WSTF 
recruits SNF2h to the gene. The regulation of WSTF was on the 
transcriptional level, since the WSTF mRNA was reduced in response to 
starvation.  
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Different signalling pathways are involved in the regulation of Pol I 
transcription in response to mitogens, growth factors and nutrient 
availability. We inhibited three of these pathways: MAPK, mTOR and PI3 
kinase, to see if this influenced the level of expression of WSTF. The WSTF 
mRNA level was reduced only when the PI3 kinase pathway was inhibited. 
We propose that WSTF is regulated by the PI3 kinase pathway when cells 
are starved, and the low level of WSTF that this produces results in a 
reduced level of Pol I transcription.  
 
 

Future prospects and speculations 
More studies are necessary to elucidate the dynamic behaviour of the B-
WICH assembly. Only then will we be able to fully understand its function. 
ChIP experiments with higher resolution will provide useful answers. ChIP 
experiments with cells treated with inhibitors of transcription will 
complement the studies carried out in starved cells. The targeting of B-
WICH is another interesting issue. The use of antibodies to different 
acetylated histones can be useful. Further, the subunits within the B-WICH 
need to be investigated in more detail. This can be done by creating 
recombinant proteins and studying the contribution of each subunit in a 
reconstituted system. However, the subunits may not associate to the WSTF-
SNF2h-NM1 core simultaneously in the cell. The state of the cell or the 
localisation of WSTF may be the factor that determines how the subunits 
associate. Studies in vivo are therefore highly important.  
 
The results presented in this thesis allow us to propose a mechanistic model 
for the function of B-WICH as a part of Pol I transcription (see figure). NM1 
associates to the TIF-1 and is recruited to the promoter via Pol I-associated 
actin. NM1 may recruit WSTF-SNF2h to the promoter. An alternative model 
is that WSTF interacts with acetylated histones and recruits the SNF2h in 
close proximity to NM1 at the promoter. SNFh and NM1 are found along the 
entire gene, as is the WSTF, and this indicates that they may function both in 
initiation and in opening up the chromatin for elongation. It is tempting to 
speculate that the interaction with MYB-bp1a and Guα bound to the growing 
RNA transcripts is a signal for the WSTF-assembly to dissociate from the 
gene and thereby contribute to the termination of transcription.  
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A mechanistic model for the function of B-WICH as a part of Pol I transcription 
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