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Abstract

Synthesis of the translation apparatus is a central activity in growing and/or proliferating cells.
Because of its fundamental importance and direct connection to cell proliferation, ribosome
synthesis has been a focus of ongoing research for several decades. As a consequence, much is
known about the essential factors involved in this process. Many studies have shown that
transcription of the ribosomal DNA by RNA polymerase | is a major target for cellular regulation
of ribosome synthesis rates. The initiation of transcription by RNA polymerase I has been
implicated as a regulatory target, however, recent studies suggest that the elongation step in
transcription is also influenced and regulated by trans-acting factors. This review describes the
factors required for rRNA synthesis and focuses on recent works that have begun to identify and
characterize factors that influence transcription elongation by RNA polymerase | and its
regulation.

1. Introduction

Synthesis of eukaryotic ribosomes is a complex process that is intimately connected to many
aspects of cell metabolism. Previous calculations have shown that ribosome synthesis is the
most energetically costly activity in actively growing cells (Warner, 1999). Indeed, more
than 60% of total cellular transcription is derived from RNA polymerase | (Pol 1), the
enzyme specialized for transcription of the ribosomal DNA (rDNA). Given the energetic
commitment that cells make to this process, proper control of transcription by Pol I is
critical.

In addition to its fundamental relevance to cell biology, ribosome synthesis has gained
attention in recent years as a target for the control of cancer cell growth. For more than 100
years, the relationship between ribosome synthesis and cell growth and proliferation rates
has been appreciated [initially by observation of nucleolar size in tumor-derived cells;
(Pianese, 1896)]. Many oncogenes and tumor suppressors have been shown to influence Pol
I-dependent transcription [e.g. P53 (Zhai and Comai, 2000; Rubbi and Milner, 2003; Trere
et al., 2004), Myc (Poortinga et al., 2004; Arabi et al., 2005; Barna et al., 2008), Rb (Voit et
al., 1997; Hannan et al., 2000; Trere et al., 2004), and PTEN (Zhang et al., 2005)]. Indeed,
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several cancer chemotherapeutics (in development and in use) target transcription of the
ribosomal DNA due to its intimate connection to cell proliferation (Drygin et al., 2010;
Drygin et al., 2011). Taken together, these observations demonstrate that a deeper
understanding of the mechanisms that influence ribosome synthesis is fundamentally and
therapeutically important.

Biosynthesis of ribosomes involves all three nuclear transcription apparatuses. Pol |
synthesizes the bulk of the ribosome: three of the four ribosomal RNAs [25S (28S in
mammals), 18S and 5.8S]. Pol 111 synthesizes the 5S rRNA, and Pol Il transcribes the genes
that encode the 78 ribosomal proteins (Warner, 1999). The molecular mechanisms that
control transcription by Pols Il and 11 have been reviewed recently in detail (White, 2008;
Dumay-Odelot et al., 2010; Bosio et al., 2011). This review focuses exclusively on Pol |-
dependent transcription of rDNA, with a particular emphasis on factors that influence the
elongation step in transcription. Furthermore, studies on rRNA synthesis have been
conducted using many species; however, most recent, detailed studies have been performed
in Saccharomyces cerevisiae or mammalian cell culture models; thus these systems are
described more thoroughly herein.

2. Ribosomal DNA and factors required for its transcription

Transcription of rDNA by Pol | has been a focus of study for many years. As a consequence,
the essential factors involved have been identified in multiple eukaryotic systems. In
general, the factors that influence rRNA synthesis are functionally conserved among
eukaryotic species, but several important differences exist.

2.3. Ribosomal DNA

2.2. Pol |

In all eukaryotes, the ribosomal DNA exists as a tandemly repeated array. Although the
number of rDNA repeats and the size of a single rDNA gene varies between species, the
general layout of each repeat is conserved (Figure 1). The rRNA transcript encodes the three
largest rRNA species (25S, 18S, and 5.8S). A series of co-transcriptional and post-
transcriptional processing events produces the mature rRNAs. Together with the 5S rRNA
(synthesized by Pol 111) and 78 r-proteins, ribosomes are assembled and exported from the
nucleus. In eukaryotes, hundreds of accessory factors are required to efficiently assemble
ribosomes, and this process has been the focus of several recent reviews (Staley and
Woolford, 2009; Kressler et al., 2010).

In yeast, there are approximately 200 repeats of the rDNA in a single locus per haploid
genome (Nomura et al., 2004), whereas in humans, there are >200 repeats located in 5
different chromosomes (Prieto and McStay, 2008). It is known that only a fraction of these
repeats is actively transcribed; many (or most) are maintained in a transcriptionally inactive
state (Birch and Zomerdijk, 2008). Although studies in yeast and mammalian cell culture
have shown that alteration of the ratio of active:inactive repeats is not essential for control of
rRNA synthesis, alteration of accessibility of the rDNA to transcription factors could
influence rRNA synthesis rates under some developmental or growth conditions (Conconi et
al., 1989; French et al., 2003; Claypool et al., 2004; Oakes et al., 2006; Stefanovsky and
Moss, 2006; Sanij et al., 2008). Recent studies in yeast suggest that a primary role for the
inactive rDNA repeats may be in maintenance of genome stability, rather than in
transcriptional control (lde et al., 2010). Thus, cells may maintain excess inactive repeats for
genome integrity rather than for regulation of rRNA synthesis.

RNA polymerase | is a 14 subunit enzyme. In all eukaryotes, the three nuclear RNA
polymerases share some peripheral subunits with one another, but the core catalytic subunits
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are unique to each polymerase (Table 1). There are no high resolution structures for RNA
polymerases | or 11, but based on the structural homology between prokaryotic RNA
polymerase and yeast Pol Il (Zhang et al., 1999; Cramer et al., 2000), it is certain that the
three polymerases will share a high degree of structural similarity (Kuhn et al., 2007;
Werner et al., 2009). Nevertheless, the differences that exist between the polymerases
appear to be functionally important for the unique roles of the enzymes. These intrinsic
activities of Pol | are discussed further below (Section 3.1).

2.3. Initiation factors

Initiation is the best characterized step in Pol | transcription. Genetic and biochemical
approaches have identified the factors that are required for Pol I initiation in yeast and
mammals (Nomura et al., 2004). Compared to Pol 11, initiation of Pol | transcription is
remarkably simple. There are clear functional similarities between the yeast and human
proteins, however, in most cases sequence homology between functional counterparts is
very low, if detectable.

In yeast there are four essential transcription initiation factors: Rrn3, core factor, TATA-
binding protein (TBP), and upstream activating factor (UAF; Figure 2). Rrn3 functions as a
monomer and its association with the A43 subunit of Pol I is required to render the
polymerase competent for transcription initiation (Peyroche et al., 2000). This association of
Rrn3 with the polymerase is a target for regulation of ribosome synthesis. Previous studies
have suggested that covalent modifications of A43 or Rrn3 may account for this regulation
(Milkereit and Tschochner, 1998; Fath et al., 2001; Claypool et al., 2004). To date, no
essential sites of modification or candidate kinases have been identified for regulation of
yeast Rrn3 activity (Gerber et al., 2008).

Rrn3 is conserved in mammals. The Reeder lab showed that expression of human Rrn3
could compensate for deletion of RRN3 in S. cerevisiae (Moorefield et al., 2000). However,
unlike in the yeast model, several specific sites of phosphorylation have been characterized
as targets for activation or inactivation of mammalian Rrn3 function [TIF-1A in mouse;
(Zhao et al., 2003; Mayer et al., 2004; Mayer et al., 2005)].

Core factor is a three subunit complex (Figure 2) that, like Rrn3, is essential even for basal
levels of transcription from the rDNA promoter (Lalo et al., 1996; Keener et al., 1998).
Although core factor lacks detectable affinity for DNA using standard assays (e.g. gel shift
analysis; unpublished results), it can clearly direct promoter-specific transcription in the
absence of UAF or TBP (Keener et al., 1998). Thus, either through direct DNA-association
or through allosteric effects on the Rrn3/Pol | complex, core factor enhances polymerase
binding to the promoter and properly positions the transcription start site. TBP binds to the
Rrn6 subunit of core factor and can further stimulate binding to the promoter DNA (Steffan
et al., 1996). TBP cannot activate Pol | transcription without core factor, however, in the
presence of core factor, addition of TBP increases the rate of Pol | transcription (Aprikian et
al., 2000).

In mammalian cells, the homologue of core factor is selectivity factor 1 (SL1). SL1 consists
of at least 4 subunits, including TBP, and is required for promoter-dependent transcription
by human Pol I (Figure 2). As with core factor, SL1 is required for transcriptional start site
selection (Russell and Zomerdijk, 2006). Unlike core factor, SL1 has been identified as a
target for covalent modification (e. g. phosphorylation) and control of rRNA synthesis (Zhai
and Comai, 2000; Zhang et al., 2005). Whether similar regulatory strategies are employed in
lower eukaryotes remains to be determined.
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The last essential factor for transcription initiation in yeast is the six subunit UAF complex.
Histones H3 and H4 are subunits of UAF and likely provide much of the complex’s affinity
for DNA whereas the Uaf30 subunit is thought to provide sequence specificity (Keys et al.,
1996; Keener et al., 1997; Hontz et al., 2008). The Rrn9 subunit of UAF associates with
TBP directly, leading to core factor recruitment (Steffan et al., 1996). Additionally,
biochemical studies revealed an association between the Rrn9 subunit of UAF and the Rrn7
subunit of core factor (Steffan et al., 1996). Thus, a series of protein:protein interactions
results in robust recruitment of Pol | to the rDNA promoter. Under optimal growth
conditions, electron microscope analysis of Pol | transcription (visualized by Miller
chromatin spreading) demonstrated that transcription initiation by Pol I is exceptionally
strong, resulting in ~half maximal occupancy of Pol I over the length of the rDNA (French
et al., 2003). Thus, transcription initiation by Pol | is an excellent, if not the best, model for
understanding mechanisms that permit strong eukaryotic transcription.

To date, no UAF analogue has been identified in mammalian cells. However, mammalian
Pol I requires another critical factor called upstream binding factor (UBF). UBF plays many
potential roles in rRNA synthesis affecting Pol | recruitment to the promoter, promoter
escape and transcription elongation (Jantzen et al., 1990; Panov et al., 2006; Stefanovsky et
al., 2006a). UBF is an HMG box-containing protein and has been shown to have sequence
specific and non-specific affinity for the rDNA. Although the names are similar, UBF and
UAF are not functional analogues. In fact another HMG-containing protein from yeast,
Hmo1l, may be the UBF counterpart (Berger et al., 2007). UBF, like SL1, is a known target
for regulation of rRNA synthesis in mammalian cells (Hannan et al., 2000; Hannan et al.,
2003).

Transcription initiation by Pol I is a robust, but comparatively simple step in the
transcription cycle. Until recently, very little attention was paid to the elongation step in Pol
| transcription. However, emerging evidence suggests that this step is important for the
overall control of rRNA synthesis rate as well as for ensuring efficient processing of rRNA
(Stefanovsky et al., 2006a; Schneider et al., 2007; Zhang et al., 2010). Thus, the remainder
of this review will highlight recent discoveries regarding the elongation phase of Pol |
transcription.

3. Elongation properties of the polymerase

As RNA polymerase | elongates through the rDNA it likely encounters a variety of intrinsic
(and potentially extrinsic) kinetic barriers in the chromatin template. To negotiate these
barriers and maintain the high synthesis rate that is required, Pol | must possess unique
properties relative to the other nuclear polymerases and rely on trans-acting factors. Ongoing
studies continue to reveal the unique properties of Pol | that render it capable of
accomplishing this task.

3.1 Subunits of Pol | function as intrinsic elongation factors

The intrinsic activities of Pols | and 1l are substantially different in vitro, and potentially in
vivo. The biggest difference between these enzymes, however, may be in their requirements
for trans-acting factors. Pol | has intrinsic RNA hydrolysis activity and elongation rate-
enhancing subunits (Kuhn et al., 2007; Geiger et al., 2010). These qualities potentially
render Pol I less sensitive than Pol 11 to external kinetic barriers to transcription elongation.

The Cramer lab demonstrated that the A12.2 subunit of Pol I is capable of promoting
transcript cleavage in an arrested complex (Kuhn et al., 2007). Thus, Pol | does not require
association of a trans-acting factor to clear potential arrests that occur during transcription
elongation. RNA polymerase Il requires TFIIS [or possibly CCR4/NOT1;(Kruk et al.,
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2011)] to clear transcription arrest sites in vitro or in vivo [for review see (Cheung and
Cramer, 2011)]. When an arrest is encountered, and Pol 11 back-tracks, the nascent transcript
is misaligned relative to the active site and may enter the funnel of the polymerase. TFIIS
must associate with Pol 11 to activate the hydrolytic activity of the enzyme, leading to
cleavage of the RNA, correct alignment of the 3’ end of the transcript, and resumption of
transcription elongation. Although TFIIS influences Pol Il and potentially Pol 111
transcription (Ghavi-Helm et al., 2008), it is not required for Pol .

Pol I also contains subunits that are functional analogues of TFIIF. TFIIF is a transcription
factor for Pol 1 that serves several roles, but perhaps the best characterized role for TFIIF is
in promoting transcription elongation of the enzyme (Conaway et al., 2000; Dvir et al.,
2001). TFIIF’s effects on Pol |1 transcription elongation have been characterized in vitro and
in vivo. It was known that the A49 and A34 subunits of Pol | were not essential for growth
(Liljelund et al., 1992; Gadal et al., 1997), but that mutations in the genes that encode these
subunits, particularly RPA49, impaired the growth of yeast cells. Structural studies in the
Cramer lab identified regions of A49 that resembled the tandem-winged helix domain
present in TFIIF (Geiger et al., 2010). Indeed, transcription elongation assays on synthetic
templates in vitro demonstrated that Pol | complexes lacking A49 and A34 were impaired
for transcription elongation. Furthermore, recombinant A49 could rescue the defect (Kuhn et
al., 2007). Genetic studies from the Thuriaux lab are consistent with this conclusion
(Beckouet et al., 2008).

Taken together, these data may suggest that Pol | is relatively resistant to challenges during
transcription elongation. However, ongoing studies in yeast and mammalian cells suggest
that additional factors influence Pol | transcription elongation in diverse, important ways.

3.2 Mutations that impair elongation

Random mutagenesis of the gene encoding the A135 subunit of Pol | led to the isolation of
mutations that rendered cells sensitive to the transcription elongation inhibitor, 6-azauracil
(Schneider et al., 2007). One of these mutations caused an amino acid substitution of a
glycine for an aspartate at position 784 in the subunit [rpal35(D784G)]. An acidic residue at
that position in the polymerase is conserved in all multi-subunit RNA polymerases and is
involved in loading the incoming NTP substrate. This mutation reduced both the
transcription elongation and initiation rates of Pol I in vivo and in vitro. Like deletion of the
RPA49 gene (Kuhn et al., 2007; Beckouet et al., 2008), this point mutation in RPA135
resulted in clear defects in the elongation rate of the enzyme (Schneider et al., 2007).
Together, these mutations have enabled us to better characterize the influence of Pol |
transcription elongation on ribosome synthesis and to identify new factors that influence this
step in transcription.

3.3 Coupling of elongation to rRNA processing

Visual and standard molecular analyses have demonstrated that processing of rRNA begins
on nascent rRNA transcripts (Osheim et al., 2004; Kos and Tollervey, 2010). Thus, defects
in transcription elongation could directly influence early processing steps. The
rpal35(D784G) mutation enabled our lab to directly test this model (Schneider et al., 2007).
We found that impairment of Pol | transcription elongation by mutation of RPA135 resulted
in defects in multiple rRNA processing steps compared to WT. Interestingly, the observed
defects in processing were more severe for large subunit rRNAs than for the 18S rRNA. It is
not clear whether there is tighter coupling between processing events for the 5.8S or 25S
rRNAs compared to the 18S, or whether assembly of the large subunit is simply more
complex and therefore more prone to disruption. Although details of this model remain to be
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tested, the relationship between transcription elongation rate and the fidelity of rRNA
processing emphasizes the need to better characterize this step in transcription by Pol I.

3.4 Topology effects

It has long been known that transcription leads to local disruption of DNA topology.
Topoisomerase activity is required to relieve topological strain induced by transcription and
other DNA metabolism. More than 20 years ago, it was shown that mutations in the genes
that encode topoisomerases | and Il lead to defects in synthesis of ribosomal RNA (Brill et
al., 1987). Recently, the Beyer and Tollervey labs characterized the mechanism by which
DNA topology can affect Pol I. They showed that partial impairment of topoisomerase 11
activity in cells carrying a deletion of the gene that encodes topoisomerase | resulted in a
total loss of rDNA transcription (EI Hage et al., 2010; French et al., 2011). In the double
mutant cells, inactivation of topoisomerase Il resulted in a complete block to transcription
elongation by Pol | approximately 1/3 of the way through the gene. These data demonstrate
that Pol | transcription results in accumulation of positive supercoiling ahead of the
polymerase and this topological stress requires the action of topoisomerases for relief.

Topoisomerase inhibitors like Camptothecin have been used in cancer chemotherapy for
some time. The mechanism of action for this class of inhibitors was generally considered to
be dependent on cell cycle or DNA replication (Ulukan and Swaan, 2002). Perhaps this
dependence of Pol I transcription on topoisomerase action and the direct relationship
between rRNA synthesis and cell growth/proliferation rate might indicate a functional link
between these chemotherapeutics and ribosome synthesis.

4. Trans acting factors that influence transcription elongation

Over the past 15 years, several studies have implicated the transcription initiation step as a
major target for the regulation of rRNA synthesis. Although intense effort was appropriated
to determining how transcription initiation can be regulated, very little work was focused on
the characterization of factors that influence transcription elongation by Pol I.

During the same time, dozens of factors were identified for their roles in influencing Pol 11
transcription elongation, and emerging models suggest that this step in the transcription
cycle may be the dominant target for control of gene expression (Selth et al., 2010; Nechaev
and Adelman, 2011). In the last five years, four factors have been characterized for their
roles in Pol | transcription elongation. Even this relatively small sample of studies
demonstrates that the elongation step in Pol I transcription is influenced by trans-acting
factors across eukaryotic species.

4.1 Spt4 and Spt5

Spt4 and Spt5 form a heterodimer (Spt4/5) that influences Pol 1l transcription elongation
(Swanson and Winston, 1992; Wada et al., 1998). Homologues of SPT5 are present in all
domains of life (Hirtreiter et al., 2010). It was known that Spt4/5 can associate with Pol 11,
but mass spectrometry data from the Hartzog lab demonstrated that Spt5 associates with
proteins apart from Pol 11, including chromatin modifiers, mMRNA capping machinery and
Pol I (Lindstrom et al., 2003). We confirmed that Spt4 and Spt5 co-purify with Pol I, and we
further demonstrated that deletion of SPT4 led to defects in Pol | transcription elongation
(Schneider et al., 2006). Specifically, we observed a small increase in the amount of rRNA
synthesized per transcribing RNA polymerase as a function of time in the mutant cells,
compared to WT. Thus, we concluded that Spt4/5 is a negative regulator of Pol |
transcription elongation. Together with the UBF results from the Moss lab discussed below
(Stefanovsky et al., 2006a), this work reignited the interest in factors that influence
transcription elongation, after years of silence on the topic.
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SPT5 is an essential gene in yeast. Recently, we have characterized point mutations in SPT5
that partially inactivate the protein. Genetic data using these mutations supported the model
that Spt4/5 is a negative regulator of Pol I transcription elongation; however, several lines of
evidence also showed that Spt5 can positively influence Pol I transcription elongation,
directly or indirectly (Anderson et al., 2011). These data, and reference to established roles
for Spt5 in Pol 11 transcription, led to the model that Spt4/5 inhibits transcription but can
also activate elongation rate, perhaps after one or more covalent modifications of the
complex.

In a separate study, the binding of Spt5 to Pol | was characterized in vitro. Using
recombinantly expressed domains of Spt5 and purified Pol I and Pol Il, it was shown that
Spt5 binds directly to both polymerases and that the same domains of the protein are
involved in both interactions (Viktorovskaya et al., 2011). It was further shown that the
largest subunits of Pol I and Pol Il interact with Spt5. Additional contacts may occur
between Spt5 and the subunits A135, A49 and A34 of Pol I. These findings were consistent
with previous studies that examined human Spt5 and human Pol Il. These data demonstrate
that association of Spt5 with polymerases is conserved between man and yeast and that
binding of Spt5 to both polymerases is direct.

4.2 Pafl complex

Like Spt4/5, the Pafl complex (Paf1C) also influences Pol | transcription elongation in yeast
(Mueller and Jaehning, 2002; Squazzo et al., 2002). However, unlike Spt4/5, Paf1C acts
exclusively to activate Pol | transcription elongation (Zhang et al., 2009; Zhang et al., 2010).

Paf1C consists of 5 subunits and is conserved among eukaryotes (Mueller and Jaehning,
2002). In yeast, none of the genes for Paf1C subunits is essential; however, deletion of
CTR9 or PAF1 results in severe growth defects (Zhang et al., 2009). Many previous studies
have revealed the physical and genetic interactions between subunits of Paf1C and Pol 11
(Krogan et al., 2002; Squazzo et al., 2002). Based on these and many other data, it is widely
accepted that Paf1C directly associates with Pol 11 and influences Pol 11 transcription and
MRNA processing (Mueller et al., 2004).

We showed that subunits of Paf1C also associate with the rDNA in yeast. Deletion of CTR9
or PAF1 resulted in poor growth, reduced rRNA synthesis and defects in rRNA processing
(Zhang et al., 2009). However, despite reduced rRNA synthesis rate, there was no reduction
in the number of Pol | complexes engaged in transcription. After controlling for potential
changes in the rDNA copy number or the degradation rate of rRNA, it was concluded that
mutation of Paf1C resulted in reduced Pol I transcription elongation rate in vivo.

It is known that mutations in genes for Paf1C lead to changes in the mMRNA expression
pattern in cells. Thus, to determine if Paf1C could directly influence Pol I transcription, the
complex was purified and included in transcription elongation rate assays for Pol | (Zhang et
al., 2010). Since Paf1C increased the transcription elongation rate of Pol I in a purified
transcription assay, it was clear that the complex could directly influence Pol | transcription
elongation.

In mammalian cells, Paf1C has been closely tied to cell proliferation and growth. The Batra
lab showed that the human PAF1 gene (PD2) is over-produced in some tumor cells
(Moniaux et al., 2006). They went on to show that overexpression of PD2 is sufficient to
induce tumor growth in mice. Later, it was also shown that Paf1C subunits are expressed
highly in stem cells, however, during differentiation, the expression level is reduced (Ding et
al., 2009; Ponnusamy et al., 2009). Given the connection between cell proliferation and
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rRNA synthesis rates, all of these data are consistent with Paf1C affecting Pol I in human
cells. However, this model has not yet been tested.

UBF is a well-characterized HMG-box containing protein that was originally identified by
the Tjian lab as an activator of Pol I transcription in human cells (Jantzen et al., 1990). Many
subsequent studies have shown that UBF is critical for expression of rRNA in mammals and
that it serves as a regulatory target for control of rRNA synthesis. For many years, it was
thought that UBF functions solely in initiation of Pol | transcription; however, two recent
papers from the Moss and Zomerdijk labs challenge this model.

Using a combination of in vitro and in vivo analyses, the Moss lab concluded that UBF can
inhibit Pol | transcription, but that this inhibition is not due to reduced Pol | occupancy of
the rDNA (Stefanovsky et al., 2006a). The simplest explanation for this observation is that
UBF influences Pol I transcription elongation. This model is consistent with previous data
that identified UBF association with the coding region of the rDNA in addition to the
promoter (O'Sullivan et al., 2002). Later studies suggested that UBF association with the
rDNA may result in a pseudo-nucleosome structure that is altered by ERK-dependent
phosphorylation and directly influences Pol | progress through the gene (Stefanovsky et al.,
2006b).

Around the same time, the Zomerdijk lab presented data suggesting that UBF is neither a
transcription initiation factor nor an effector of transcription elongation. Their in vitro data
suggest that UBF increases the rate of promoter escape for Pol I (Panov et al., 2006). Like
transcription elongation, the promoter escape step in transcription has been largely ignored,
however, given the high density of polymerases on the rDNA during active growth, the
escape step must be efficient. These data suggest that UBF plays a direct role in this step of
Pol | transcription.

The importance of UBF to Pol | transcription has long been appreciated. These data suggest
that UBF directly affects post-initiation steps in Pol I transcription. Beyond influencing Pol |
transcription directly, the Hannan lab has shown that UBF expression levels determine the
ratio of active versus inactive rDNA repeats in human cells (Sanij et al., 2008). Thus, UBF
can control both the accessibility of the rDNA for transcription factors and the activity of the
polymerase once bound. More work is required to determine the mechanism(s) by which
UBF affects transcription of rDNA and how these various properties of UBF interrelate.

4.4 Elongator 3b

In most eukaryotes, the sole role of Pol I is in production of rRNA. However, in
trypanosomes, Pol | also transcribes protein coding genes (Lee and Van der Ploeg, 1997).
Even in this unique cellular setting, the elongation step in Pol | transcription appears to be
controlled by trans-acting factors.

Elongator is a six subunit complex with known roles in Pol Il transcription elongation, and
is conserved between yeast and mammals. In African trypanosomes, Elongator is also
localized to the nucleolus. Furthermore, mutation or down-regulation of the Elp3b subunit of
the complex results in increased synthesis of rRNA by Pol I (Alsford and Horn, 2011).
Based on these observations and the effects of ELP3b mutations on trypanosome sensitivity
to drugs that affect transcription elongation, the Horn lab concluded that Pol I transcription
is negatively influenced by Elongator in trypanosomes. This finding expands the potential
mechanisms by which Elongator may influence transcription and adds to the growing list of
factors across eukaryotic species that influence Pol | transcription elongation.
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5. rDNA chromatin

The number of trans-acting factors with known roles in Pol | transcription elongation is
growing. However, most of these factors appear to directly affect Pol | activity. Another
potential mechanism for regulation of transcription elongation is by influencing the
chromatin state of the rDNA. Many examples of this type of influence on Pol Il transcription
have been described [for review see (Selth et al., 2010)]. Furthermore, the Grummt and
Langst labs have shown that chromatin modifications influence transcription initiation by
Pol I in mammals (Langst et al., 1997; Strohner et al., 2001; Nemeth et al., 2004). However,
few factors have been identified for a role in modification of rDNA chromatin. Part of this
lag in discovery may be due to an ongoing controversy regarding the chromatin state in
actively transcribed rDNA repeats (Jones et al., 2007; Merz et al., 2008).

5.1 Yeast rDNA chromatin

Eukaryotic cells carry hundreds of copies of the rDNA in tandem repeats. Only a fraction of
these repeats is actively transcribed whereas the rest are transcriptionally silent. In yeast, the
ratio of active to inactive repeats is ~1:1 during exponential growth. It is generally accepted
that the inactive repeats are densely packed with nucleosomes and likely resemble
heterochromatin found elsewhere in the nucleus. However, the chromatin structure of the
active repeats remains unresolved in the literature.

Because of the tandem repeating structure on the rDNA, recombination between repeats can
lead to rapid alteration of the rDNA copy number in the cell. The Nomura lab showed that
deletion of the FOB1 gene in yeast ultimately resulted in stabilizing the rDNA copy number
(Kobayashi et al., 1998). This observation enabled the construction of strains with reduced
rDNA repeat numbers. In cells with very few rDNA repeats [e.g. 20—40 copies; (Cioci et al.,
2003)], all of the repeats are actively transcribed (French et al., 2003). Even under these
conditions, chromatin immunoprecipitation (ChIP) detects histone occupancy of the rDNA
(Jones et al., 2007). These data led to the conclusion that actively transcribed rDNA genes
normally carry nucleosomes, although the arrangement of those nucleosomes on the DNA
does not mirror that of the rest of the genome.

Of course, ChIP is not the only method for probing protein occupancy of DNA. The
Griesenbeck lab employed an assay that uses micrococcal nuclease fusions to proteins of
interest (chromatin endogenous cleavage; ChEC). Cells are lysed and the fused nuclease is
activated by incubation with calcium. Using primer extension, the cleavage of specific sites
within the genome is quantified. More cleavage is indicative of more occupancy of that
region by the fusion protein. ChEC analysis detected no occupancy of histones in the active
rDNA repeats. Instead of histones, Hmol (the yeast analogue of UBF) bound the actively
transcribed genes (Merz et al., 2008). These data led to the conclusion that actively
transcribed genes lack histones.

To date, there has been no resolution of this controversy in the literature. The Proudfoot lab
concluded that the nucleosome structure of the rDNA is dynamic and unphased (Jones et al.,
2007). Perhaps this dynamism is partially responsible for the differences in signal detected
using these two different methods. More investigation of this phenomenon is required to
determine the structure of the actively transcribed as well as the silent rDNA repeats in
yeast.

5.2 Mammalian chromatin

It is known that RNA polymerase I11 can transcribe through nucleosomal DNA in vitro
(Studitsky et al., 1997), whereas Pol 11 needs assistance from multiple trans-acting factors to
accomplish this task (Belotserkovskaya et al., 2003). Until recently, the question of whether
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Pol I could independently negotiate chromatin remained open. The Zomerdijk lab employed
a series of biochemical and genetic tests to show that Pol | does not efficiently transcribe
nucleosomal templates in vitro. However, the FACT complex (facilitates chromatin
transcription) enhances the ability of Pol | to transcribe through nucleosomes (Birch et al.,
2009). Furthermore, FACT associates with Pol I in cell extracts and localizes to the rDNA in
growing cells. Thus, FACT can directly influence the ability of Pol I to elongate in vivo.

Nucleolin is an abundant nucleolar protein that affects rDNA transcription, pre-rRNA
processiong and ribosome assembly (Mongelard and Bouvet, 2007). Interestingly, nucleolin
has also been shown to influence chromatin remodeling [indirectly, by association with the
remodelers SWI/SNF and ARC; (Angelov et al., 2006)] as well as Pol | transcription in vitro
and in vivo (Rickards et al., 2007). Perhaps nucleolin and FACT fill similar roles in
transcription of Pol | through rDNA chromatin. The molecular mechanisms by which
nucleolin influences Pol | and Pol Il remain unclear.

The role of chromatin and its covalent modifications in transcription elongation by Pol I will
be a topic of substantial future study. Several previous studies have characterized differences
between the chromatin state at actively transcribed rDNA repeats relative to transcriptionally
silent repeats (McKnight and Miller, 1976; Dammann et al., 1993; Stefanovsky and Moss,
2006; Sanij et al., 2008); however, consequences of covalent modifications of histones
within the rDNA coding region remain unclear. The simplest proposal is that these
modifications will mirror those of Pol Il transcribed genes; however, continued effort is
required to test this hypothesis. Additionally, DNA methylation was recently shown to
influence Pol | transcription in mammalian cells (Gagnon-Kugler et al., 2009). The
functional relationship between the rDNA template and its transcription requires substantial
further characterization.

6. Is rRNA synthesis regulated at the elongation step?

It is well known that ribosome synthesis rates and cell growth/proliferation rates are
proportional. Because of this relationship, there is much interest in identifying the molecular
mechanisms that regulate Pol | transcription in order to understand and potentially control
cell proliferation (Drygin et al., 2010). Transcription initiation by Pol I has been clearly
described as a regulatory target for the control of ribosome synthesis, but is the elongation
rate also regulated in response to growth stimuli? Multiple studies have shown that under
conditions when rRNA synthesis is inhibited almost completely, Pol | loading on the rDNA
is reduced but not eliminated (Claypool et al., 2004; Tongaonkar et al., 2005; Philippi et al.,
2010). These data suggest that either rRNA is made by the polymerase and degraded, or the
elongation rate of those engaged polymerases is reduced. Indeed, the cellular response may
include both inhibition of rDNA transcription and increased rRNA degradation (Reiter et al.,
2011). Two studies, discussed below, have identified factors that potentially influence
regulation of Pol | elongation in response to growth signaling (Stefanovsky et al., 2006a;
Zhang et al., 2010). Ongoing studies may also identify the ribonucleases required for rapid
degradation of rRNA upon nutrient limitation.

6.1 Mammalian UBF affects Pol | transcription elongation

The best characterized nutrient-responsive regulator of Pol | transcription elongation is
UBF, a factor first identified as an initiation factor for Pol 1. As described above, the Moss
lab used a series of biochemical and genetic experiments to show that UBF can also inhibit
Pol | transcription elongation (Stefanovsky et al., 2006a). Importantly, they also showed that
after extended serum starvation, addition of growth factors to the culture medium results in
de-repression of Pol | transcription. This activation of rRNA synthesis was independent of
increased transcription initiation. They showed that this de-repression results from ERK-
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dependent phosphorylation of the HMG boxes of UBF. Mutation of phosphorylated residues
within a truncated UBF construct eliminated the ability of ERK to activate Pol | elongation
in vitro using templates coated with UBF. Thus, these data suggest UBF is a direct, nutrient
responsive regulator of Pol I transcription elongation in human cells.

6.2 The Pafl complex in yeast

The Pafl complex influences Pol | and Pol Il transcription elongation, but its function is not
essential for survival. In WT yeast cells, inhibition of TOR signaling (with rapamycin)
results in fast and robust inhibition of Pol | transcription. After 40 minutes exposure to
rapamycin, rRNA transcription is almost undetectable with standard metabolic labeling
approaches. In Pafl mutants, however, inhibition of Pol | transcription in response to
rapamycin is not complete (Zhang et al., 2010). This dependence on Paf1C function for
efficient regulation is not specific to TOR signaling, since amino acid limitation showed the
same trend. Thus, directly or indirectly, Paf1C function is required for efficient regulation of
rRNA synthesis. Since we know that Paf1C can directly affect Pol | transcription, the
simplest model to explain these observations is that Paf1C itself is directly modified in
response to nutrients.

7. Summary

This review has highlighted issues concerning Pol I transcription, specifically focusing on
the elongation step. Emerging interest in Pol I transcription elongation has led to
identification of a small number of factors that can potentially affect Pol I transcription
elongation directly. Two of these factors influence Pol | transcription in a nutrient or
growth-responsive manner. Certainly, many more factors will be identified with roles in Pol
| transcription elongation. Recent studies suggest that Pol 11 transcription may be primarily
regulated at the elongation step rather than through recruitment to the promoter. Given the
robust data that support regulation of Pol | transcription initiation, complete regulation of
rRNA synthesis at the elongation step is highly unlikely. However, considering the strength
of Pol I transcription and the magnitude by which it must be modulated in growing versus
quiescent cells, it is obvious that cells must employ multiple overlapping regulatory
mechanisms to control this robust “player” in cell metabolism. Thus, the field can look
forward to the identification of several modulators of elongation and ever increasing
complexity in the quest to define and control rRNA synthesis and cell proliferation.

Abbreviations

Pol RNA polymerase
rRNA ribosomal RNA
rDNA ribosomal DNA
Spt4/5 Spt4 and Spts
PaflC Pafl complex
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Figure 1.

Diagram of the ribosomal DNA repeat. The promoter for Pol | is indicated by a bent arrow.
Mature rRNAs (indicated in dark blue) are processed out of the precursor RNA (35S pre-
rRNA in yeast; 45S, in human). RNAs that are not present in the ribosome (external
transcribed sequence, “ETS” and internally transcribed sequences “ITS1” and “ITS2” are in
light blue). In yeast, the gene that encodes 5S rRNA is interspersed between 35S rRNA
repeats, whereas in other eukaryotes the 5S gene is located in a separate locus.
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Figure 2.

Cartoon diagram of factors required for transcription initiation by Pol I. (A) Yeast factors
are illustrated with subunit names indicated. Subunits of individual factors are colored the
same. Separable elements in the promoter DNA sequence have been characterized and are
indicated. Hmol is indicated downstream of the core promoter, but may also influence
transcription initiation. (B) Mammalian factors are colored to reflect their functional analogy
to the yeast factors. UBF is shown at the promoter, but it also associates with the coding
region of the rDNA. Notably, TBP is required in yeast and mammals, but original
characterization of SL1 included TBP as a subunit, thus it is colored as such. TAF41 and
TAF12 were recently shown to bind SL1 (Denissov et al., 2007; Gorski et al., 2007);
however their direct requirement for activity of SL1 in vitro has not yet been demonstrated.
The transcription termination factor, TTF-I, also affects transcription initiation by Pol | and
is shown bound to one of several sites upstream of the Pol | promoter.
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Table 1

S. cerevisiae Pol | subunit composition with homologous or shared genes for subunits of Pols Il and 111
indicated. Shared subunits are shaded.

Subunitname  Mass (kD) Pol | Pol 11 Pol 111
A190 186.4 RPA190 RPB1 RPC160
A135 135.7 RPA135 RPB2 RPC128
A43 36.2 RPA43 RPB7 RPC25
Al4 14.6 RPA14 RPB4 RPC17
Al2 13.7 RPA12 RPB9 RPC11

RPB3
e e e

ABC27 25.1 RPB5 RPB5 RPB5
ABC23 17.9 RPB6 RPB6 RPB6
ABC14.5 16.5 RPB8 RPB8 RPB8
ABC10a 7.7 RPB10 RPB10 RPB10
ABC10B 8.3 RPB12 RPB12 RPBI12
A49 46.6 RPA49 RPC34
A34.5 26.9 RPA34 RPC31
RPC37

RPC53

RPC82
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