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Abstract

Transcription by RNA polymerase I11 (pol 111) is responsible for ~15% of total cellular
transcription through the generation of small structured RNAs such as tRNA and 5S RNA. The
coordinate synthesis of these molecules with ribosomal protein mMRNAs and rRNA couples the
production of ribosomes and their tRNA substrates and balances protein synthetic capacity with
the growth requirements of the cell. Ribosome biogenesis in general and pol 111 transcription in
particular is known to be regulated by nutrient availability, cell stress and cell cycle stage and is
perturbed in pathological states. High throughput proteomic studies have catalogued modifications
to pol 111 subunits, assembly, initiation and accessory factors but most of these modifications have
yet to be linked to functional consequences. Here we review our current understanding of the
major points of regulation in the pol Il transcription apparatus, the targets of regulation and the
signaling pathways known to regulate their function.
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1. Introduction

The major biosynthetic function of RNA polymerase 111 (pol 1) is the production of small,
untranslated structural RNAs for protein synthesis. The main gene products, 5S rRNA and
tRNA, are highly abundant molecules comprising ~15% of total RNA by weight, and
function respectively as part of the large ribosomal subunit and as amino acid-specific
adapters for mRNA decoding. Several other pol Il transcripts play functionally-related roles
in pre-rRNA or pre-tRNA processing complexes (RNase MRP and RNase P RNAS), serve
as guide RNAs for rRNA methylation (e.g. yeast snR52) or are required for co-translational
insertion of nascent polypeptides across the membrane of the endoplasmic reticulum (7SL
RNA). Numerous pol Il transcripts have been ascribed functions in processes other than
protein synthesis. Well known examples include U6 snRNA, involved in pre-mRNA

© 2012 Elsevier B.V. All rights reserved.

To whom correspondence should be addressed: lan M. Willis, Department of Biochemistry, Albert Einstein College of Medicine,
1300 Morris Park Ave., Bronx, NY 10461, USA. Tel.: (718) 430-2839; Fax: (718)430-8565; ian.willis@einstein.yu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Moir and Willis

Page 2

splicing, the RNA component of telomerase (TERC) and the 7SK RNA regulatory complex
of the pol 1l transcription elongation factor P-TEFb. These and other pol 111 transcripts of
both cellular and viral origin have been described in many reports over the years [1]. Adding
to this knowledge, recent efforts to understand the scope of the pol 111 transcriptome in
mammalian cell lines and in mouse liver have identified a small number of new bona fide
pol IlI-transcribed genes and a somewhat larger group of candidate pol I111-transcribed genes
for further study [2-4].

The pol 111 transcription apparatus is generally well conserved from yeast to man and in its
simplest form comprises a DNA binding factor (TFIIIC), an initiation factor (TFII1IB) and
the polymerase which at 17 subunits is the largest of the eukaryotic RNA polymerases in
terms of molecular complexity and mass [5]. The six subunit TFI1IC complex binds to the
two conserved internal promoter elements (A and B blocks) that characterize tRNA genes
and directs the assembly of TFI1IB on the DNA upstream of the transcriptional start site.
Concerted binding of the three subunits of TFIIIB (TBP, Brfl and Bdpl) produces a very
stable, kinetically-trapped DNA complex that recruits and orients the polymerase and
contributes to the formation of the open promoter complex [6,7]. Other pol 111 templates
have different promoter structures and factor requirements and these are described elsewhere
in this issue. Once transcription has initiated, elongation by pol 111 does not require
additional accessory factors (at least in vitro) and proceeds with high fidelity, displacing the
TFIHIC in its path before terminating at a short run of T residues [8]. Subsequently, pol 111
can either dissociate from the DNA or it can reinitiate transcription on the same DNA-bound
TFHIB complex in a process of facilitated recycling [9]. This involves multiple cycles of
transcription by a single polymerase molecule on the same gene. Relatively little is known
about how this process occurs and to date there are no single molecule studies to support this
concept. However, there is growing evidence that reinitiation by pol 111 may be an important
point of regulation in this system.

Unlike the majority of transcripts generated by the other nuclear RNA polymerases, the
primary transcripts synthesized by pol Il are short, ranging from ~100 nucleotides for tRNA
and 5S rRNA genes to 522 nucleotides for SCRI in yeast [10] and robustly transcribed. The
doubling of yeast cells every 90 minutes in rich medium requires an initiation rate of ~2—-4
transcripts/gene/sec for the average tRNA gene (3—-6 x 108 tRNAs per cell from 274 genes)
versus ~0.5 transcripts/gene/sec for 35S rRNA (~200,000 ribosomes per cell and 75 active
gene copies) [11,12]. The turnover rate of tRNA and ribosomes is low under physiological
conditions and not considered here. The high rates of synthesis and the short size of pol 11
transcripts appear to favor initiation as the major point of regulation for pol I11 gene
transcription. In general, pol Ill-transcribed genes are required for cell growth and
proliferation and their expression is co-ordinately regulated in response to nutrients and
cellular stress along with the other components of the ribosome. In this review we focus on
recent insights, primarily from yeast, into the function of conserved regulators and signaling
pathways that control pol Il transcription.

2. Targets for Regulation of Pol lll Transcription

2.1.1 Mafl - Discovery of its Conserved Function—Three repressors of pol I11
transcription have been identified that bind and inhibit the transcription machinery in a
manner that is regulated by upstream signaling pathways. Two of these proteins, RB and
p53, are well known tumor suppressors and their effects on pol 111 (and pol 1) transcription
are reviewed in this volume and elsewhere [13]. The third protein, Mafl, is conserved
throughout eukaryotes and was identified initially in yeast in a screen for mutants that
decreased SUP11tRNA nonsense suppressor activity and were unable to utilize glycerol as
a carbon source at elevated temperatures [14]. In addition to these phenotypes, subsequent
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studies found that the original mari-1 mutant as well as a MAFI deletion strain had elevated
levels of total tRNA and increased rates of tRNA synthesis [15]. A key genetic finding in
these early studies was that the anti-suppressor phenotype (attributed to increased
translational fidelity in the mutant strain) [16], and the inability to respire at elevated
temperatures could be suppressed either by overexpression of Rpc160, the largest subunit of
pol 111 (i.e. a dominant negative effect) or by mutations in Rpc160 that reduced pol 111
transcription [15,17]. These genetic interactions together with the physical association of
Maf1 with the polymerase and the effect on tRNA synthesis provided strong support for the
function of Mafl as a negative regulator of pol 111 transcription [15]. Biological proof for
this hypothesis came when a range of nutritional, environmental and cellular stress
conditions that were demonstrated to repress pol Il transcription, quantitatively failed to do
so in strains deleted for Maf1 [18]. The block to repression was absolute and the scope of
the involvement of Mafl in the repression of pol 111 transcription was broad. All tested
conditions of nutrient limitation, poor carbon sources and cellular stresses that directly or
indirectly affect cell growth (e.g. secretory pathway and cell wall defects, oxidative and ER
stress, DNA damage, etc.) require Maf1 to repress pol Il transcription [14,18,19]. As
discussed later in this review, the responses to these conditions involve many important and
conserved signaling pathways in eukaryotic cells.

More recently, studies in several labs have shown that the negative role of Maf1 in pol 11l
transcription is conserved in higher eukaryotes: Mammalian cells that have little or no Mafl
have elevated steady state levels of pol 111 transcripts [20-25]. A knock-down of Maf1 in
developing Drosophilalarvae also led to the accumulation of tRNA [25]. The requirement
for Maf1l in signaling repression is also conserved in these systems: Efficient repression of
pol Il transcription in response to nutrient deprivation, inhibition of TORC1 and alkylating
DNA damage was not seen in cell lines that either lack Maf1 or were treated with Mafl
SiIRNAS [20,23,24]. Additionally, knockdown of Mafl in either Drosophila larvae or the fat
body (an endocrine organ that regulates energy storage and utilization in insects) was
sufficient to prevent the normal decrease in total tRNA caused by nutrient starvation or
inhibition of TORC1 by rapamycin [25,26].

In contrast to the congruity of responses to Maf1 ablation/knockdown, elevated Maf1l
expression produces different outcomes depending on the system and conditions. In yeast
cells, greater than 10-fold overexpression of Maf1, achieved by elevated gene dosage, does
not cause repression of pol 11 transcription on glucose-containing medium in the absence of
exogenous stress [19]. However, Mafl overexpression induced by the GAL 1 promoter
produces a significant (~two-fold) decrease in transcription [27] raising the possibility that
the slower growth and/or metabolic changes that occur on a suboptimal carbon source
(galactose) contribute to repression under these conditions. Ectopic expression of Mafl in
apparently unstressed mammalian cells has also been reported to decrease pol Il
transcription in some but not all cell lines [21,22,24,28]. Whether these observations reflect
differences in the way that yeast and mammalian systems regulate Maf1-dependent
repression is currently unknown. However, a unifying view might be that mammalian cells
in culture have activated a cellular response that (like yeast on galactose) can affect
repression when Maf1 levels are elevated.

2.1.2 Phosphoregulation of Mafl Localization and Interactions—The yeast and
mammalian Mafl proteins are negatively regulated by phosphorylation at multiple sites, i.e.
the protein is largely dephosphorylated under repressing conditions [20,22-24,29-34]. The
results of several unbiased or Mafl-targeted phosphoproteomic studies [33,35-38]
combined with in vitro phosphorylation assays and functional studies of phosphosite and
kinase/signaling mutants [31-33,39] have found that the biologically important sites in yeast
Maf1 are seven serine residues (amino acids 90, 101, 177-179, 209 and 210), six of which
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correspond to consensus PKA/Sch9 sites (RR/KXS/T)[40]. Phosphorylation of these sites
changes the localization of Maf1l in the cell and alters the interaction of Maf1 with the
polymerase [29-33,41,42]. Mutagenesis studies indicate that no single phosphosite is
critical, their contributions are cumulative and that residues 209 and 210 account for most of
the phosphorylation on Mafl [32]. Indeed, recent experiments with an internally-deleted,
functional MAF1 allele (MAFI-id) that is missing five of the seven phosphosites (noted
above) suggest that phosphorylation of serines 209 and 210 is sufficient for the normal
regulated localization of this protein [42]. Despite the fact that Maf1 is phosphorylated on
many sites, the protein usually separates into just two species on high resolving one-
dimensional SDS gels [29,30,32]. This complicates the interpretation of some experiments
since the slow migrating species in this system is especially sensitive to phosphorylation at
two sites (S177 and S178) that together contribute only ~35% of the total PKA/Sch9
consensus site phosphorylation [32]. Moreover, unphosphorylated Maf1 is not separable
from fast-migrating multiply-phosphorylated forms of Mafl at the other PKA/Sch9
consensus sites. Thus, Mafl mobility in these gels does not correlate with the total level of
phosphorylation of the protein. Immunoprecipitation and western blotting with a phospho-
PKA substrate specific antibody [31,32,43] or the use of Phostag acrylamide gels are able to
report the extent of Mafl phosphorylation [42]. For human Maf1, a combination of mass
spectrometry, Phostag acrylamide gel analysis and mutagenesis identified serines 60, 68 and
75 as the major regulated phosphosites [24]. The phospho-regulation of serine 75 has been
independently examined in two other studies [23,34]. It is noteworthy that although the
sequence in this region of human Mafl is not conserved in the yeast protein, the sites are
positionally similar to serines 209/210 in yeast Maf1l relative to the phylogenetically
conserved domain B [42] and appear to be functionally equivalent [23,24,34].

Yeast Mafl contains two nuclear localization sequences (NLSs). The N-terminal NLS
(NtNLS) is located immediately adjacent to serines 209/210 and its function is regulated by
phosphorylation at the consensus PKA/Sch9 sites [31,42]. A functionally weaker C-terminal
NLS (CtNLS) is located within conserved domain C. Whether the CtNLS is regulated has
not been examined. Both NLS sequences contribute to the localization and function of Mafl
in yeast [31]; either NLS is sufficient to localize Maf1 to the nucleus under appropriate
conditions. Mutations that compromise the regulation and/or function of both NLSs fail to
accumulate Maf1l in the nucleus under repressing conditions and are unable to repress
transcription. In the same study, mutagenesis of six PKA/Sch9 consensus sites to alanine
was found to promote the nuclear accumulation of Maf1 but did not induce repression under
optimal growth conditions [31]. Thus, it was concluded that nuclear dephosphorylated Maf1
is not sufficient for repression and that an additional step or steps must therefore be
necessary. As described below, recent work has identified one such step which involves
phosphorylation of pol I11.

Another way to accumulate Maf1 in the nucleus under normal growth conditions was
revealed with the identification of MSN5 as the exportin for Mafl [44]. In cells deleted for
MSN5, Mafl is predominantly nuclear and, like the phosphosite mutants described above,
does not cause repression of pol Il transcription in the absence of cellular stress. Moreover,
despite its nuclear location in the msn5 strain, Mafl was found to be phosphoregulated
normally upon carbon source switching (glucose to glycerol and vice versa). These
experiments and the phospho-regulated nuclear import of Mafl [31] indicate that kinases
and phosphatases in both the cytoplasm and the nuclear compartments control the
localization of Mafl (Figure 1). Together with variations in the cellular distribution of Mafl
in different strain backgrounds and growth conditions [27,29-31,33,44,45], the data suggest
that, like other stress responsive regulators (e.g. Msn2), Mafl may cycle between the
nucleus and the cytoplasm during growth in unstressed conditions. Consistent with this idea,
Maf1 can be ChiPed at a low level to pol I11 genes in the absence of any stress when it is
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primarily located in the cytoplasm [29,30]. Additional trafficking of Maf1 between the
nucleoplasm and the nucleolus is suggested by studies on the association of rapamycin-
resistant TORC1 mutants with 5S rDNA chromatin in the nucleolus and correlated changes
in Maf1 phosphorylation, localization and pol 111 repression (Figure 1, see also section 3.2).

Metazoan Mafl retains the NLS located in conserved domain C (CtNLS) [15] and the
protein is localized to the nucleus in many but not all cell lines [23,28,34]. Regardless of the
extent of differential localization, repression of pol Il transcription in all systems involves
the nuclear accumulation of dephosphorylated Maf1 and an increase in the association of
Maf1 with pol Il genes [20,22,23,29-31,34,44,45]. Since Maf1 cannot bind specifically or
non-specifically to nucleic acids [19], its interaction with pol I1I-transcribed genes is indirect
and is mediated largely via the polymerase [15,19,20,29,30,33]. This is supported by
biochemical experiments demonstrating a stable association of Mafl with pol 111 bound to
model DNA templates [46].

In addition to regulating its localization in the cell, phosphorylation of Maf1 changes its
interaction with pol I11. Reciprocal co-immunoprecipitations of Mafl and pol 111 subunits
from control versus nutrient-deprived or rapamycin-treated yeast cells show that only a
small fraction of Mafl corresponding to the fast-migrating hypo- or dephosphorylated
protein is associated with pol 111 under optimal growth conditions. However, the amount of
this complex increases significantly under robust repressing conditions where Maf1 is fully
dephosphorylated [29,30]. Mafl mutants with a diminished capacity to be dephosphorylated
also show a lower level of association with pol I11 [29]. In addition, mutation of all seven
sites targeted by PKA and Sch9 to alanine (Mafl 7SA) significantly enhanced the Maf1-pol
I11 interaction under non-repressing conditions whereas a phosphomimetic mutant of the
same sites (Mafl 7SE) significantly diminished the interaction under repressing conditions
[33]. While these biochemical experiments clearly point to an affinity differential favoring
the formation of a dephosphorylated Maf1-pol 111 complex under repressing conditions, the
biological outcome is not so clear cut. A phosphomimetic mutant of Mafl (6SE, which
retains S179, a minor contributor to overall Mafl phosphorylation) [33] is as active as wild-
type Mafl in repressing transcription in rapamycin-treated cells [31]. Moreover, ChIP assays
in a human cell extract demonstrated that Maf1 can be cross-linked to tRNA and 5S rRNA
genes with a phospho-specific antibody prepared against a phosphoserine 75 Mafl peptide
[34].

Given the essential role played by Maf1 in repressing pol Il transcription, it is striking that
none of the known regulatory steps that limit the access of Maf1 to its targets or affect the
direct interaction of Mafl with pol 111 are similarly essential for controlling its repressing
function. These observations indicate the existence of failsafe mechanisms that prevent the
repression of pol 111 transcription in the absence of cellular stress.

2.1.3 Inhibition of Pol Ill Transcription by Mafl in vitro—Pol 1l transcription in
crude in vitro systems is especially sensitive to changes in the amount or activity of TFIIIB
subunits since the assembly of this initiation factor onto DNA is generally the limiting step
for transcription in these systems [47]. Consistent with this, biochemical studies in extracts
from control and repressed (chlorpromazine-treated) yeast cells initially identified TFIIIB as
a target of Mafl-dependent repression [18,19]. Subsequently, a direct biochemical
interaction was demonstrated between Mafl and Brfl and this interaction was shown to
inhibit the recruitment of Brfl to TFIIIC-DNA complexes [19]. The Maf1-Brfl interaction
is conserved in mammalian systems [12,20,22] and this supports the idea that its biological
importance is the inhibition of de novo transcription complex assembly [48]. Further details
about the interaction and its potential regulation remain to be elucidated.
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Given the high stability of TFI1IB complexes on pol IlI-transcribed genes in vitro [6,49] and
in vivo (even under repressing conditions [50,51], it was apparent that a different
mechanism of repression was needed for acute responses. Focusing on the already known
Maf1-pol Il interaction, order-of-addition experiments in both yeast and human systems
revealed that recombinant Mafl inhibited transcription from preassembled TFI11B-DNA
complexes primarily by preventing pol 111 recruitment [12,19]. Conversely, addition of Mafl
after pol 111 binding to the TFIIIB-DNA complex or after the synthesis of a short RNA
transcript did not inhibit initiation or elongation [12]. Consistent with this, factor-
independent transcription on an elongation scaffold was also not inhibited despite the stable
binding of Mafl to pol 111 [46]. In addition, immobilized template assays were used to
demonstrate that human pol 111 could undergo a limited number of rounds of facilitated
recycling, extending findings established for the enzyme in yeast [9] and that this process
was refractory to inhibition by Mafl [12]. Thus, our current concept is that Maf1 binding to
pol 11 in solution (i.e. off the DNA) inhibits its recruitment to the initiation complex. Mafl
binding to pol 111 after it has engaged the initiation complex or during elongation only
inhibits transcription upon dissociation of the polymerase from the template [12,46]. Based
on the cryo-EM structures of free pol 111, Maf1-pol Il and pol 111 in an elongation complex
along with homology modeling, the structural basis for the preceding effects is thought to
involve the rearrangement of the C82/C34/C31 subcomplex of polymerase as a consequence
of Maf1 binding to the polymerase clamp domain [46].

The inability of Mafl to inhibit facilitated recycling of pol Il in vitro has important
implications for transcription during the response to cellular stress. Consequently, it has
become important to know whether facilitated recycling occurs stochastically, how it
proceeds in relation to termination and if the process is regulated. These are challenging
questions since the phenomenon of facilitated recycling has only been demonstrated
biochemically and the regulatory systems that may influence the process operate within the
context of the cell.

2.2 RNA Polymerase lll

The concept that repression of pol Il transcription requires additional steps beyond the
nuclear localization of dephosphorylated Mafl [31], along with the resistance of facilitated
recycling to inhibition by Maf1 [12] led to the consideration of pol Il as a target of
repression signaling. Support for this idea (in principle) has existed for some time based on
the results of high throughput proteomic screens as well as targeted studies that have
identified post-translational modifications in several pol 11l subunits. Sumoylation of
specific pol 111 subunits has been documented in multiple studies, one of which included
stress conditions (see ref [52] and references therein). However, the significance of this
modification for pol Il function has yet to be established. Numerous pol 111 subunits are
also known phosphoproteins [35,53-55].

A recent examination of the effect of rapamycin on in vivo 32P labeling of pol 111 identified
Rpc53 as a differentially-labeled subunit [56]. Subsequently, it was found that
phosphorylation of Rpc53 correlates with the inhibition of pol 111 transcription in response to
diverse stresses [56]. A screen of viable yeast gene-deletion strains representing kinases,
phosphatases and their regulatory proteins identified two conserved kinases, Kns1 and
Mck1, both of which were required for Rpc53 hyperphosphorylation. This joint requirement
was rationalized by in vivo and in vitro experiments showing that Kns1 phosphorylation of a
single site (T232) primed Rpc53 for further phosphorylation by Mck1 at two adjacent sites
(S228 and S224). Importantly, mutation of these phosphorylation sites to alanine attenuated
rapamycin-mediated repression of pol 111 transcription although this result has so far only
been demonstrated in a “sensitized” strain containing a hypomorphic allele of another
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polymerase subunit, Rpc11 [56]. The findings suggest that Kns1 and Mck1 phosphorylation
of Rpc53 under repressing conditions cooperates with Rpcl11 to allow repression by Mafl.

A model for how this may be achieved has been proposed based on the known functions of
Rpc53 as part of the heterodimeric TFIIF-like complex (Rpc53/Rpc37) and Rpcll which is
homologous to Rpb9 and TFIIS. The Rpc53/37 complex functions to slow the elongation
rate of pol 11 which is important for normal termination of transcription [57]. It also
participates in promoter opening and interacts with subunits of TFIIIB and TFIIIC [57-60].
Known functions of Rpc11 include termination, exoribonucleolytic proofreading and
facilitated reinitiation [57,61]. There is also evidence for physical associations between the
Rpc53/Rpc37 complex and Rpcll, including the finding that a C-terminal truncation of
Rpc37 leads to the loss of all three subunits from the polymerase [57]. Together these data
suggest that phosphorylation of Rpc53, through allosteric or other mechanisms, leads to
changes in Rpc11 that disrupt facilitated recycling or favor pol 111 dissociation from the
DNA template after termination [56]. If this occurs when pol 111 is already in a complex with
Maf1, reinitiation is immediately inhibited. Alternatively, pol 111 may interact with Mafl off
the DNA to prevent rebinding to the initiation complex [5,56].

Hyperphosphorylation of Rpc53 by Kns1 and Mck1 (driven by overexpression of Knsl) was
found to be independent of the Maf1 repressor but was not sufficient to cause repression in
the absence of cellular stress [56]. Similarly, dephosphorylation of Mafl under the same
repressing conditions was not dependent on either kinase and, as already noted, nuclear
dephosphorylated Mafl produces robust repression only under stress conditions. Together,
these observations reveal some of the properties of the proposed failsafe mechanism that
prevents transcriptional repression in the absence of stress signaling. Mafl and pol Il are
controlled by separate branches of the TORC1 signaling pathway but they must function
together in order to rapidly and efficiently repress transcription. Thus, control of pol I11
transcription is exercised by a network structure that is similar to an AND-gated feed-
forward loop (Figure 2)[62].

The association of Rpc53/37 with the core polymerase can be destabilized by mutations in
the C-termini of either protein and both the Rpc53/37 subcomplex and the TFIIE-like
Rpc82/34/31 subcomplex can be separated from the core polymerase during purification
[57,58,63]. These properties coupled with the homology of the Rpc53/37 and Rpc82/34/31
subcomplexes to the general pol Il transcription factors TFIIF and TFIIE has led to the
suggestion that they may bind dynamically during the transcription cycle [63]. However,
there is no evidence to date that the stability of pol Il is regulated in vivo.

Two forms of human pol 111 have been identified that differ in the composition of the TFIIE-
like RPC362/39/32 subcomplex [64]. The pol 111 isoforms, Pollll alpha and Pollllbeta,
contain RPC32 subunits which share only 51% identity. Although both pol 111 isoforms
support transcription in vitro, they differ in their expression and function in vivo: Pol Illbeta
is ubiquitously expressed and essential while Pol Illalpha is dispensable for cell survival and
is associated with cell proliferation and transformation and elevated transcription of the 7SL
gene. These observations suggest that pol 111 composition, at least in higher eukaryotes, can
alter pol Il activity at specific loci.

The three subunit initiation factor TFI1IB comprises the TATA-box binding protein TBP,
Brfl and Bdpl in yeast and related subunits in metazoans. TFIIIB functions to recruit and
position pol Il appropriately for transcription and participates in promoter opening [7].
Studies in yeast initially found that overexpression of Brfl, or mutations in Tfc4 that
facilitate Brfl recruitment to TFIIIC-DNA complexes, increase TFIIB assembly and pol 111
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transcription from genes with defective or weak promoters [47]. This indicated that the
assembly of TFIIIB on DNA was a key limiting step in transcription and therefore a likely
target for regulation. Subsequent studies in higher eukaryotes have found that changes in the
abundance, phosphorylation state and activity of TFIIIB affects pol I11 transcription. TFIIIB
recruitment to pol Il1-transcribed genes is limited by the expression level of its subunits
which are coordinately regulated in response to proliferative signals, e.g. in response to JINK
signaling [65]. Oncogenic proteins, tumor suppressors, viral infection and the activation of
specific signaling pathways can also alter the expression of specific TFI11B components
[66-68].

TFHIB activity and pol 111 transcription is positively regulated by protein kinase CK2, in
both yeast and mammalian cells. CK2 is physically associated with TFI1IB on pol I11-
transcribed genes in both systems and CK2 activity is required for efficient TFIIIB assembly
and high levels of transcription [38,69-71]. While all of the subunits of TFIIIB can be
phosphorylated by CK2 in vitro [69-71], it is not known which of these factors are modified
by CK2 in vivo to promote transcription. Exposure of yeast to ultraviolet light or methane
methylsulfonate (MMS) leads to inhibition of TFIIIB function and repression of pol 111
transcription. These changes correlate with the dissociation of the CK2 catalytic subunits
from the regulatory beta subunit which remains bound to TBP [69]. The latter interaction is
required for high TBP-associated CK2 activity and pol 111 transcription in unstressed yeast
cells. Several high throughput studies have identified yeast TFIIIB subunits as
phosphoproteins, but to date there is no evidence for their differential modification in vivo in
response to stress.

Pol 11 transcription is repressed during mitosis in vertebrates. This response is linked to the
phosphorylation of multiple components of the system [72] and to the inactivation of TFIIIB
[73-76]. The Brfl and Bdpl subunits become hyperphosphorylated in mitosis and Bdpl
dissociates from the promoters of the U6, 5S and tRNA genes to limit TFI1IB function
[75,76]. The phosphorylation of TFIIB is not uniformly negative for pol 111 transcription as
ERK phosphorylation of Brfl increases TFIIIB interactions with both TFIIIC and pol Il and
stimulates transcription [77]. Also, inactivation of mTOR signaling by PTEN expression
causes a decrease in Brfl phosphorylation, disrupts TBP binding to Brfl, reduces TFIIIB
occupancy on tRNA genes and inhibits pol 111 transcription [78]. Phosphorylation of Brfl by
the polo-like kinase PIk1 can either stimulate or repress transcription depending on the cell-
cycle stage and the sites that are modified [79]. PIk1 physically associates with 5S and
tRNA genes and promotes transcription by phosphorylating Brfl at S450 during interphase.
However, the abundance and specific activity of PIk1 increases during mitosis resulting in
modification of Brfl at T270 and inhibition of pol 111 recruitment [79]. The modification of
Brfl at different sites in response to various signaling pathways and cell cycle stage
demonstrates the complexity of its phosphoregulation.

Bdp1 phosphorylation is so far only associated with negative effects on transcription and
correlates with its dissociation from DNA during mitosis and following inactivation of
mTOR signaling [75,76,78]. The mitotic effects on Bdpl function are due to its
hyperphosphorylation by CK2. This conclusion is supported by in vivo and in vitro studies
using peptide and/or chemical inhibitors of CK2 [76]. Notably, the inhibitory effect of CK2
was demonstrated on a truncated Bdp1l protein in a reconstituted transcription system and
could be blocked by mutation of five consensus CK2 sites; i.e. the mutant protein was no
longer phosphorylated by CK2 and was as active in transcription as the unphosphorylated
protein. Given the mitotic effect of PIk1 described above, it seems likely that Plk1 and CK2
function cooperatively to repress pol Il transcription by targeting Brfl and Bpd1,
respectively [79].
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TFIIC serves as a DNA binding factor for the assembly of TFIIIB and polymerase on pol
I1l-transcribed genes [49]. The factor is also bound at genomic sites in yeast and mammals
that do not encode pol 111 genes, the so-called ETC loci (extra TFIIIC sites, also called
chromosome organizing clamps in S. pombe) [2,80,81]. The nucleosome-positioning and
chromatin-boundary functions of pol Il1-transcribed genes and ETC loci, coupled with their
cohesin and condensin binding properties, suggest that TFI11C may directly contribute to
chromatin organization [82]. TFIIIC is also required for efficient pol 111 reinitiation [83].

The activity and/or abundance of TFIIIC in higher eukaryotes is targeted for regulation in
pathological states. Viral transformation models and human tumors have increased TFIIIC
activity consistent with their increase in protein synthesis and proliferative capacity [84].
Adenovirus infection and ELA or SV40 transformation increase the abundance of the
TFIH1C110 subunit (homologous to Tfc6 in yeast) and is correlated with elevated active,
hyperphosphorylated TFIIIC and pol 111 transcription [85,86]. However, ecotopic expression
of TFINIC110 alone is not sufficient to cause increased transcription in non-transformed cells
[87]. TFINIC abundance is also controlled by proteolysis of specific subunits: The large
subunit of human TFHIC is targeted by the poliovirus-encoded 3C protease (3Cpro) both in
vivo and in vitro and correlates with the accumulation of an inactive form of the factor [88].
Virulent Leishmania infection of macrophages results in the degradation of the TFI1IC110
subunit through thrombin receptor-mediated activation of the protease p-calpain. This leads
to a decrease in functional TFIIC and the loss of pol Il transcription of genes containing
tRNA-type promoters [89].

The Tfc3, Tfcd and Tfcl subunits of yeast TFIHIC are phosphorylated in vivo but the
functional significance of these modifications is unknown [90].

2.5 Other Potential Regulatory Targets

Subl, a non-histone chromatin-associated protein in yeast with positive and negative roles in
transcription by pol I, ChlPs to pol Il1-transcribed genes consistent with its role in
transcription initiation and reinitiation by pol 111 [91-93]. Deletion of SUB reduces the
level of the polymerase at pol Il1-transcribed genes suggesting a general role in pol 111
recruitment. Although the association of Subl with pol 111 genes decreases in stationary
phase [92], Subl1 occupancy on osmoregulated pol 1l genes increases with gene induction
under osmotic stress conditions suggesting a positive role in osmolarity tolerance and a
potential for regulation by cellular stress signaling pathways [93]. In vitro studies show that
Subl promotes TFIIB and TFIHIC binding and increases initiation and reinitiation by pol 111
[92]. The DNA binding activity of the human homolog of Subl, PC4, is affected by both
phosphorylation and acetylation (reviewed in [94]), but regulation of Sub1 activity in yeast
by differential modification has not been reported.

The abundant Nhp6 proteins bind and bend DNA and contribute to the maintenance of
chromatin structure (reviewed in [95]). The Nhp6 proteins were originally implicated in pol
I11 transcription through their positive effect on SNVR6 gene transcription, which requires a
positioned nucleosome for optimal expression from its atypically-spaced promoter elements
[96-99]. The Nhp6 proteins also affect pol Il transcription from tRNA genes through their
effect on TFIIB positioning, specifically TBP binding, and the fidelity of transcription
initiation [98,100-102]. The chromatin remodeling complex RSC interacts with Nhp6 and is
enriched at pol Ill-transcribed genes where it is thought to function in excluding
nucleosomes from these loci [103,104]. The positive role of Nhp6 in promoting pol 111
transcription raises the possibility that changes in chromatin structure may be linked to
transcriptional responses at these genes in vivo.
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Genetic, biochemical and genome-wide studies in yeast and metazoans have expanded the
number of proteins physically associated with pol Il1-transcribed genes and the basal
transcription factors [3,105,106]. In yeast, known regulators of pol Il transcription such as
Rebl, Fkh1, Yap6 and Hdal, have been identified by genome-wide ChIP-chip and map
immediately upstream of tRNA genes [106]. Other proteins that are physically associated
with tRNA and 5S RNA genes include a subset of ribosomal proteins that copurify with the
positively-acting, TFIHE fraction [107]. The RPL6A gene in particular was identified as a
strong multicopy suppressor of a DNA-binding mutation in the basal transcription factor
TFIIC. In addition, the general pol Il transcription factor 11S which functions to promote
elongation by stimulating the intrinsic endonucleolytic activity of pol Il at promoter-
proximal stall sites and at sites of DNA sequence-dependent polymerase pausing or arrest is
also found at many pol Il1-transcribed genes in yeast and mouse ES cells [3,108]. Together
with functional studies in yeast, the data support a role for TFIIS in pol 111 transcription.
Collectively, these proteins provide additional layers of potential regulatory complexity in
the control of pol 111 transcription.

3 Regulating Activities and pathways

3.1 Protein Kinase A

Cyclic AMP-dependent protein kinase (PKA) is a key glucose-sensitive regulator of cell
growth, proliferation, metabolism and stress resistance in budding yeast (reviewed in [109])
and functions as part of a G-protein coupled receptor signaling pathway that is conserved
throughout eukaryotes [110]. In the absence of cCAMP, PKA is an inactive heterotetramer
composed of two catalytic subunits, encoded by 7TPK1, TPK2or TPK3in S. cerevisiae, and
two regulatory subunits, encoded by BCYZ. cAMP-bound Bcyl dissociates from the
complex to release monomeric, active catalytic subunits (reviewed in [111]). Glucose
promotes PKA activity through two G-protein based mechanisms: Ras GTP-binding
proteins activate adenylate cyclase (Cyrl) to synthesize cAMP [112] and Gpa2, the GTP-
binding ligand for the plasma membrane sensors of extracellular glucose, activates Cyrl and
blocks the inhibitory action of Gpb1/2 on PKA activity [113]. PKA also negatively regulates
cAMP production by feedback inhibition [114] and in glucose-replete media responds to
essential nutrients, such as nitrogen, phosphate and amino acids, in a CAMP-independent
manner (reviewed in [115]).

Post-translational modification and sub-cellular localization of both catalytic and regulatory
subunits also control PKA function. Phosphorylation of the Tpk isozymes affects substrate
specificity and phosphorylation of Bcy1 affects the extent of PKA activity in response to
cell stresses from carbon source, heat shock, DNA damage and loss of TORC1 activity [43,
116-118, 189]. In exponentially growing cells Tpk2 and Bcy1 are nuclear while Tpks1 and
3 are distributed throughout the cell. All PKA components are redistributed to the cytoplasm
on inhibition of PKA activity [119-121]. The catalytic subunits have overlapping substrate
specificities and are functionally redundant for cell viability [122]. Deletion of all three Tpk
isoforms is lethal unless specific substrates that are negatively regulated by PKA are also
deleted (e.g. the downstream kinases Rim15 or Yak1, or the stress-responsive transcription
factors Msn2 and Msn4) (reviewed in [123]).

Maf1 was identified as a phosphoprotein and a substrate of PKA through an evolutionary
proteomics approach: Mafl proteins from different budding yeast species were found have
conserved PKA consensus phosphorylation sites and S. cerevisiae Mafl was robustly
phosphorylated by PKA in vitro [124]. The protein was subsequently shown to be
differentially modified at PKA consensus sites in vivo [31]. Consistent with these
observations, PKA activity is required for normal regulation of pol Il transcription in
glucose-replete media: Deletion of BCYZ, which constitutively activates PKA, blocks
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efficient repression of pol Il transcription by various treatments and this response correlates
with an increase in Mafl phosphorylation (at least on serines 177/178, if not other sites as
well) [31]. Constitutive production of cAMP, caused by a dominant allele of RAS2
(RAS2VaI19) also maintains high PKA activity and this too blocks repression of pol 111
transcription [31]. Conversely, a fokI" strain, which contains a debilitated but constitutively
active kinase as the source of PKA activity [125], allowed efficient repression of
transcription whereas eliminating all three catalytic subunits of PKA (in ipk1 (pk2 tok3 yak3
or Ipk1 pk2 trk3 msn2 msn4 strains) allowed more potent repression of transcription than in
control strains [31]. These observations led to the conclusion that PKA phosphorylation of
Mafl in vivo counteracts its function as a repressor of transcription and that the loss of PKA
activity (like the Mafl 6SA mutation) was not sufficient to cause repression under otherwise
optimal growth conditions.

The switch from glucose to glycerol as a carbon source lowers PKA activity, changes the
localization of the catalytic and regulatory subunits, shifts the cell from fermentation to
respiratory metabolism and alters global transcription to induce general stress, oxidative and
osmatic stress responses [121,126]. Growth in glycerol also results in dephosphorylation and
nuclear accumulation of Mafl and lower pol 111 transcription [127]. The ability of these
Maf1-related effects of glycerol to be suppressed by elevated PKA activity has been tested
using the RAS2Y4/19 mutation. Despite the severe growth defect of the RAS2V4/ 19 strain
under these conditions [128], the mutation blocked repression of pol 111 transcription upon
transfer of cells from glucose to glycerol as predicted [127]. However, the nuclear
accumulation of Maf1 was not prevented and the protein appeared to be dephosphorylated
based on its mobility in one dimensional SDS gels. At the time, these data suggested that
elevated PKA activity did not affect Maf1 localization or phosphorylation [127]. However,
current understanding suggests that more complicated explanations may apply. The
previously noted difficulty in assessing Mafl phosphorylation by SDS-PAGE coupled with
the knowledge that Maf1 can be phosphoregulated normally when restricted to the nucleus
[44] indicates that the extent of Mafl dephosphorylation might not be as great in the
RAS2Vall9 mytant (compared to a wild-type strain) on glycerol.

Additional experiments supporting a role for PKA in the phosphorylation of Mafl in vivo
have employed a cell permeable phosphodiesterase-resistant analogue of CAMP, 8-bromo-
CAMP [43]. Treatment of yeast cells with 8-bromo-cAMP leads to elevated PKA activity
and was shown to reverse the loss of PKA-site phosphorylation on Mafl caused by both
glucose starvation and rapamycin treatment. While recognizing the data supporting the role
of PKA in regulating pol Il transcription and Maf1 function, it is important to keep in mind
that Sch9, a nutrient and stress-responsive kinase regulated by TORC1, also has a well
documented role in phosphorylating Mafl at PKA consensus sites [32,33,41]. PKA and
TORC1 regulated pathways function in parallel to promote cell growth and the activity of
each pathway has been reported to antagonize or restrain the activity of the other [43,129-
131]. Thus, deletion or inactivation of one pathway can result in hyperactivation and
compensation by the other pathway. The following sections consider the contribution of
TORC1 and Sch9 in regulating pol 111 transcription.

3.2 Target of Rapamycin Complex 1

The TOR signaling pathway contributes to cell growth and expansion. The two functionally
distinct TOR complexes differ in their sensitivity to rapamycin: TORC1 is inhibited by
rapamycin and contains either of the homologous kinases, Torl or Tor2 in yeast, together
with the Kog1l, Lst8 and Tco89 proteins. TORCL1 functions to regulate protein synthesis,
nutrient transport, cell cycle progression and autophagy in response to nutrient status and
cell stress. TORC2 is insensitive to acute rapamycin treatment and contains the Tor2 kinase
complexed with Avol, Avo2, Tscll, Lst8, Bit61 and Bit2. TORC2 functions to regulate
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polarized cell growth and the actin cytoskeleton among other processes (reviewed in [132]).
In mammalian cells a single kinase is partitioned between the two TOR complexes. A
phylogenetic analysis of TOR components indicates that while the subunits of the TORC1
and TORC2 complexes have been conserved through evolution, regulatory inputs differ
between organisms: for example, the TOR pathway in animals responds to insulin and
growth factor receptor signaling pathways that are not present in yeast [133]. TORC1 is
predominantly localized to the vacuole in unstressed yeast cells but is also detected at
mitochondria, endoplasmic reticular membranes and in the nucleus [134-137]. Ongoing
TORCL signaling is required for Brfl phosphorylation, TFIIIB function and pol 111
transcription in mammalian cells (see section 2.3 [78]). Disruption of TORCL signaling
through chemical inhibition or nutrient-deprivation inhibits pol I11 transcription in both yeast
and higher eukaryotic cells in a Maf1-dependent manner (see section 2.1.1).

TORC1 physically associates with pol Ill-transcribed genes in both yeast and mammalian
cells. nTOR and the mTORC1-specific subunit Raptor (Kogl in yeast) have been ChiPed to
tRNA, U6 and 5S RNA genes in proliferating human cells [23,34,138] and in two of these
reports, the association was dependent on TORC1 activity. The recruitment of TORC1 to
tRNA and 5S genes is directed by its interaction with TFIIIC, as demonstrated by reciprocal
coimmunoprecipitation of the endogenous proteins. A role for the 63 kDa subunit of TFIIIC
(analogous to Tfcl in yeast) in this process was suggested by mutagenesis of a predicted
TOR signaling motif (Phe109 to lle in TFIIIC63) which compromised the interaction with
mTOR in transfected cells. These interactions are thought to occur on the DNA and thus
provide direct access of the kinase to its regulatory targets [34]. TORCL1 is also detected at
pol IlI-transcribed genes in yeast although the association is limited to 5S RNA genes which
are localized to the nucleolus as part of the rDNA repeat. Interestingly, the interaction in this
case is also sensitive to TORC1 activity [45].

One critical target of mMTORCL1 at pol 111 genes is the Mafl repressor. Consistent with the
localization of mMTORCL to pol 111 genes, mTOR and Raptor immunoprecipitates obtained
using epitope-tagged constructs and transiently transfected cells were shown to
phosphorylate recombinant human Maf1l in vitro at the same sites that are known to be
regulated by mTORCL activity in vivo. This in vitro activity of mMTORC1 was specific; it
was inhibited by rapamycin, abolished by a kinase-dead mTOR mutation and was not
observed with immunoprecipitates of mMTORC2 [24]. In an independent study, a
recombinant fragment of mTOR was found to phosphorylate recombinant human Maf1 on
S75 — one of the major mTORC1-sensitive sites [34]. Similar results have been obtained in
yeast with TORC1 immunoprecipitates and recombinant yeast Mafl1. Although the in vitro
activity of yeast TORC1 was relatively weak in these assays, the signal was reduced to
background levels by pretreatment of the cells with rapamycin or in a kinase dead mutant
and was unaffected in a rapamycin-resistant 7ORZ mutant [45].

The nucleolar localization of TORC1 correlates with ongoing pol I transcription and the
physical association of Torl at the 35S rDNA promoter in yeast [136]. The association of
Torl at the rDNA promoter and at 5S RNA genes in the rDNA repeat is driven by the
dynamics of nuclear import and export through the NLS and NES sequences within the Torl
protein [45,136]. An analysis of Mafl distribution, phosphorylation and binding to 5S RNA
genes using a rapamycin-resistant allele of 7ORZ showed that nuclear Torl (containing a
functional DNA binding domain) was required for Maf1 phosphorylation and subsequent
export of Maf1 to the cytoplasm [45]. Loss of TORC1 activity caused Mafl to become
associated with the nucleolus. These studies led to a model in which TORC1 regulates Maf1l
phosphorylation both directly and indirectly. In unstressed cells, TORCL1 activation of the
Sch9 kinase (which is primarily in the cytoplasm, http://yplp.uni-graz.at/index.php)
promotes Mafl phosphorylation and its retention in this compartment (Figure 1). TORC1 at
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the rDNA locus contributes to this partitioning by directly phosphorylating any Maf1 that
enters the nucleolus (Figure 1)[139]. Loss of TORC1 activity allows Maf1 to both
accumulate in the nucleus and at the nucleolus to repress pol Il transcription at tRNA and
5S RNA genes [45,139].

The Sch9 kinase is a well-characterized downstream effector of TORCL1 (analogous to the
S6K kinases in mammalian cells) that is phosphorylated and activated directly by TORC1
[137]. Sch9 was originally identified as a multi-copy suppressor of PKA loss of function
mutations [140]. Consistent with this phenotype, microarray analysis indicates that PKA
activity is responsible for the bulk of the transcriptional response to glucose addition and
that Sch9, when overexpressed in a fpk analog-sensitive mutant, induces a comparable
transcriptional output [130]. However, Sch9 activity contributes relatively little to this
transcriptional program in otherwise wild-type cells. Thus, Sch9 primarily promotes cell
growth in response to nutritional inputs other than glucose. In addition to its phosphorylation
by TORC1 (which involves multiple residues in the C-terminus), Sch9 activity is dependent
on activation loop phosphorylation by the redundant 3-phosphoinositide-dependent kinase 1
(PDK1) orthologs, Pkh1 and Pkh2 [137]. Thus, nitrogen and stress-sensitive regulation of
TORC1 activity and sphingolipid regulation of the Pkh1/2 kinases, link Sch9 activation to
multiple signaling pathways including the UPR [141](see Section 3.8).

The role of TORCL1 signaling in nutrient and stress responses, coupled with the
complementation of PKA defects by Sch9, suggested that Sch9 might also contribute to the
regulation of pol I1 transcription in yeast. Indeed, deletion of SCHY, or its inactivation in a
sch9-as strain with the ATP analog INM-PP1, severely compromises pol Il transcription
indicating that TORCL activity, and Sch9 activity in particular, is required for robust pol I11
transcription [32,33,41]. Deletion of MAFI completely restored transcription in an sch94
strain, suggesting that Sch9 functions to promote pol 11 transcription by inactivation of
Maf1 [32]. Transcription in an sch9A strain could be further decreased by multiple, diverse
repressing conditions such as entry into stationary phase and treatments with rapamycin,
tunicamycin, CPZ and MMS indicating that additional mechanisms exist to further repress
pol Il transcription in the absence of Sch9 [32]. Conversely, expression of a constitutively
active allele of SCH9 (achieved using phosphomimetic activating mutations) which
separates nutrient-signaling to TORC1 from activation of Sch9, blocked repression of pol 111
transcription by rapamycin [33,41].

The Sch9 kinase phosphorylates Mafl and other substrates at an RxxS/T motif (identified by
mass spectrometry and phospho-specific antibodies) and overlaps the consensus site for
PKA phosphorylation [32,33,41,43]. Sch9 coimmunoprecipitated with Maf1 in a rapamycin-
sensitive manner and yeast-purified Sch9 phosphorylated Maf1 in vitro. These modifications
were at PKA consensus sites as detected by phospho-specific antibodies. However, mutation
of the PKA consensus sites to glutamic acid residues (either MAF1-6SE or - 7SE alleles) did
not prevent a shut-down of pol 111 transcription under stress [31,33]. Moreover, the
MAF1-7SE allele did not prevent the repression of transcription in an sch9-as analog-treated
strain [33]. Together, these data indicate that Sch9 has additional substrates that promote pol
I11 transcription.

Coimmunoprecipitation assays demonstrate that phosphorylation by Sch9 affects the extent
to which Maf1 binds pol 111 [33]. Rapamycin treatment increased the association between
pol 111 and Maf1, while the constitutively active Sch9”F mutant blocked this interaction.
Maf1 phosphorylation altered the extent of Mafl binding to pol 111: The phosphomimetic
substitutions in Mafl (MAF1-7SE) showed no physical association with pol 11 while the
non-phosphorylatable allele, MAF1-7SA, bound even in unstressed conditions. The
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enhanced binding of MAFI-75A to pol 111 was strain specific and could be further increased
by inactivation of PKA [33] consistent with multiple effectors contributing to inhibit pol 111
function. Sch9 activity modified the intracellular localization of Maf1, as shown by the
nuclear accumulation of Mafl in sch9A and sch9-as inactivated strains [33,41]. The
distribution of Mafl between the nucleoplasm and the nucleolus was Sch9-independent as
Mafl accumulated at the nucleolus on rapamycin treatment [41].

The relative contribution of Sch9 and PKA to Mafl phosphorylation was assessed using
PKA consenus site phospho-specific antibodies and analog-sensitive mutants of the PKA
and Sch9 kinases [32]. Inactivation of PKA in a triple fpk analog-sensitive strain or
inactivation of Sch9 in an sc/h9-as strain caused little effect on the level of Mafl
phosphorylation at PKA/Sch9 sites. Inactivation of both PKA and Sch9 enzymes caused
almost total loss of Mafl1 phosphorylation at the consensus sites, consistent with the
independent and compensatory phosphorylation by PKA and Sch9 [32]. A comparable
analysis that assessed Mafl phosphorylation by SDS-PAGE did not detect such
compensatory effects [33].

The genetic and biochemical data demonstrating that the Sch9 kinase directly
phosphorylates Mafl in yeast, did not extrapolate to mammalian Mafl phosphorylation by
the metazoan homolog, S6K1 [24]. Immuno-purified S6K1 preparations did not
phosphorylate recombinant human Mafl in vitro. Moreover, the extent of Mafl
phosphorylation and sensitivity to rapamycin was comparable between wild-type and
S6K1/2 double knockout cell extracts. These observations suggest that substrate preferences
of TORCL1 and Sch9 differ between yeast and mammalian cells: yeast Maf1l is a poor
substrate for TORCL1 and is robustly phosphorylated by Sch9 in vitro while human Mafl is a
good substrate for mTOR and is not detectably phosphorylated by S6K1 in vitro.

3.4 Other TORC1 effectors

TORCL regulates multiple phosphatases (PP2A, PP4, Ppgl and Sit4) in part through the
Tap42 protein. Conditions that activate TOR promote Tap42 phosphorylation and its
association with the catalytic subunits of PP2A (Pph21 and Pph22) and Sit4 [142]. Tap42
can function both positively and negatively on readouts for phosphatase activity [143]. A
recent model posits that inactive Tap42-phosphatase complexes associate with membrane-
bound active TORCL. On rapamycin treatment or nutrient starvation, the Tap42-phosphatase
complex is dissociated from TORC1 and activated, remaining active to dephosphorylate
substrates until Tap42 is dephosphorylated by PP2A [144]. The Tap42 pathway downstream
of TORCL does not affect the transcription of ribosomal protein genes or their repression by
rapamycin [143]. Similar experiments with conditional alleles of S/74 (sit4-102) and TAP42
(tap42-109) showed comparable results for the regulation of pol 111 transcription: loss of
either Tap42 or Sit4 function did not affect transcription or its repression by rapamycin
[145]. Thus rapamycin-induced repression of pol I transcription occurs independently of
Tap42 and Sit4.

Phenotypes associated with mutant alleles of Tap42 are sensitive to strain-specific
polymorphisms in SSD1 [146]. Ssd1 associates with specific mRNAs and affects the
transcription and translation of daughter-specific mRNA and polarized cell growth [147].
Ssd1 also cooperates with TORC1 to maintain cell integrity through the TORC1-associated
protein Tco89 [146]. Wei et al [45] reported that the appearance of cytoplasmic Mafl in
unstressed cells and its nucleolar localization under repressing conditions required a wild-
type allele of SSD1. An analysis of rapamycin-dependent phosphopeptides in an SSDI-
wildtype background showed that Mafl dephosphorylation was Tap42-independent [33].
Although a fap42-11 allele in this strain background caused a decrease in pol 11l
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transcription (unstressed), repression of transcription by rapamycin was not compromised,
consistent with regulation of pol I11 transcription being Tap42-independent [33].

The sensitivity of pol 111 transcription in an sch9A strain to further repression by rapamycin
(and other stresses) led to the conclusion that regulation of pol 111 transcription by TORC1
also can also occur via an sch9A-independent mechanism [32,33,41]. A recent study showed
that rapamycin and other stresses activate Rhol directly, to promote Rhol binding to Kogl
causing disruption of the membrane association of the Kogl/TORC1 complex and an effect
on TORC1 downstream signaling [148]. Activation of Rhol GTPase activates Pkcl and the
CWI pathway which in turn affects the regulation of ribosome and tRNA synthesis in a
manner that is not understood (see section 3.5).

3.5 PKC and cell wall integrity

The cell wall integrity (CWI) signaling pathway maintains yeast cell wall structure and
shape during cell division and polarized cell growth and protects the cell against osmotic
and mechanical stress [149]. Cell wall integrity sensors bind guanine nucleotide exchange
factors (Rom1/2 and Tusl) to activate the Rhol GTPase which in turn affects cell wall
synthesis, actin polarization and exocytosis. An important part of this response involves the
activation of protein kinase C (Pkcl) by GTP-bound Rhol to trigger a MAP kinase signaling
cascade (Bckl — Mkk1/2 — Slt2). Subsequently, activated SIt2 induces the expression of
cell wall stress-regulated genes through catalytic and non-catalytic mechanisms involving
the transcription factors RIm1 and SBF (Swi4 and Swi6), respectively [149].

Disruption of the secretory pathway at any step from peptide insertion into the endoplasmic
reticulum to vesicle fusion with the plasma membrane results in transcriptional repression of
ribosome and tRNA synthesis [150,151]. The arrest of secretion effect on transcription,
caused by inactivation of sec mutants or tunicamycin treatment, was shown to be
independent of the unfolded protein response (UPR), high-osmolarity glycerol (HOG) and
stringent response pathways (reviewed in [145]). However, components of the CWI pathway
including the cell wall stress sensors and Pkcl, but not the MAPK signaling cascade
downstream of Pkcl, contribute to repression of transcription under these conditions
[151,152]. Activation of the CWI pathway (and Pkcl) is thought to downregulate ribosome
biogenesis to limit protein synthesis when vesicular transport or expansion of the plasma
membrane is blocked (reviewed in [153]).

The substrates of Pkcl and the role of the kinase outside the CWI pathway are not well
defined and it is not known how Pkc1l and/or CWI signaling are connected to transcriptional
regulation of ribosome and tRNA synthesis. Pkcl is predominantly localized to the bud neck
and sites of polarized growth. However, functional nuclear exit and localization motifs have
been identified in the protein [154]. The physiological significance of nuclear Pkcl is poorly
understood. However, a recent report links ongoing membrane traffic and Pkcl to control of
mitosis: activated Pkcl binds to the phosphatase PP2ACYC35-7ds1/2 complex to
dephosphorylate Mih1 and relieve the cell size checkpoint control that blocks mitotic entry
[155]. As with all down-regulation of pol 111 transcription, a block in the secretion pathway
and the transcriptional repression that follows requires the Maf1l protein, its
dephosphorylation and accumulation in the nucleus [18]. Whether Pkc1l contributes to the
targeting of PP2A to Maf1, or other regulators of pol Il transcription, specifically in
secretion-blocked cells is not known.

Rapamycin treatment and nutrient starvation activates the CWI pathway [156]. Consistent
with this, components of the pathway from the cell surface sensors to Rhol are required for
Sch9 dephosphorylation (and loss of function) following nitrogen starvation, rapamycin
treatment and caffeine inhibition of TORCL1 [148]. The CWI pathway also connects TORC1
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and PKA through the TORC1 and CWI downstream effector kinases, Sch9 and SIt2:
activated (phosphorylated) SIt2 MAP kinase phosphorylates Bcy1 at residue T129 (amongst
other sites) and limits PKA activity. TORCL1 signaling and Sch9 activity prevents SIt2
phosphorylation thereby promoting PKA activity (see section 3.8 on Crosstalk, below) [43].

3.6 Other Kinases

3.6.1 Protein Kinase CK2—CK2 is a highly conserved, Ser/Thr protein kinase with roles
in multiple cellular processes including cell growth and proliferation, apoptosis and cell
survival (reviewed in [157]). The enzyme forms a tetramer of two constitutively active
catalytic (a) subunits and two regulatory () subunits. The physiological targets of CK2,
which contain a canonical CK2 motif (pS/pT-x1-x2-D/E/pS), have been estimated to
represent a significant portion of the phosphoproteome [158]. CK2 activity is directed by
substrate-dependent localization of the enzyme and the dynamics of holoenzyme formation
[159]. In yeast, the catalytic activity of CK2 is essential and is influenced by growth rate and
nutrients in a substrate-specific manner [160]. The B-subunits are non-essential in yeast but
contribute to full activity of the holoenzyme, the formation of self-aggregated inactive CK2
structures and regulation of CK2 activity in response to nutrients [161].

CK2 has been linked to the phosphorylation of many transcription factors and all three
nuclear RNA polymerases [162]. High levels of pol Il transcription require CK2 activity
suggesting a stimulatory function for CK2 in both yeast and mammalian cells
[38,70,71,163]. The physical localization of CK2 at pol IlI-transcribed genes by chromatin
immunoprecipitation links CK2 activity to regulation of ongoing transcription [38,71,76]. In
yeast, CK2 positively affects the activity of the initiation factor TFIIIB and is required for
restoration of robust transcription after carbon source stress [38,69]. Although CK2
phosphorylation of TBP has been shown to inhibit TBP recruitment to DNA and to limit pol
Il transcription in vitro [164], the regulatory subunits of CK2 bind TBP and stimulate the
assembly of TFIIIB on pol Ill-transcribed genes [69]. DNA damage caused by MMS
treatment correlates with loss of CK2 activity and the dissociation of the catalytic subunits
from the regulatory subunits. The dynamic association of CK2 with TFIIIB suggests that the
catalytic activity of CK2 maintains TFII1IB function and transcription and opposes repression
of transcription. The role of CK2 in higher eukaryotes is more complex: CK2 stimulates the
assembly of TFIIIB in vitro, but during mitosis CK2 hyperphosphorylation of human Bdpl
leads to the dissociation of Bdpl from chromatin [70,76] (see section 2.3).

Recently, the role of CK2 was evaluated in the restoration of pol I1 transcription following
carbon source repression [38,42]. In glycerol medium, transcription is repressed coincident
with the elevated occupancy of Mafl at tRNA genes and Mafl binding to pol 111 [38,127].
Genetic and/or chemical inhibition of CK2 prevented the recovery of transcription and
impaired the dissociation of Mafl from pol I11 upon switching from glycerol to glucose-
containing medium [38]. Mafl was shown to be phosphorylated by CK2 in vitro and on
CK2 sites in vivo suggesting that CK2 opposed Mafl function directly on tRNA genes to
reverse repression [38]. However, a Mafl mutant lacking all five CK2 sites implicated in
this response remained fully functional in repressing transcription and exhibited normal
restoration of transcription upon carbon source switching [42]. Subsequent analysis showed
that CK2 activity indirectly affects the extent to which consensus PKA/Sch9 sites on Mafl
are phosphorylated [42] suggesting that CK2 activity is required for optimal signaling to
Maf1 via these pathways.

3.6.2 Lammer protein kinases and Kns1—The LAMMER Cdc-like (CIk) family of
kinases are dual specificity protein kinases that act on serine/threonine and tyrosine residues
[165]. The defining signature sequence of the family (EHLAMMERILG) forms a solvent-
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inaccessible structural motif within the kinase core rather than a substrate interaction domain
as first thought [166]. The mammalian and Drosophila LAMMER Kkinases have been studied
initially in the context of regulated pre-mRNA splicing through their phosphorylation of SR
(serine-arginine rich) proteins [167,168]. However, a growing number of LAMMER/CIk
substrates have been identified with functions related to signal transduction and
transcriptional regulation. Examples include PTP-1B phosphatase and the WD-40 repeat-
containing transcriptional repressors Tupl1 and Tup12 which are positively regulated by
LAMMER/CIk kinase phosphorylation [169,170]. Additionally, Clk2, one of four
mammalian LAMMER kinases, is known to be activated by Akt phosphorylation and
mediates insulin signaling by phosphorylating and repressing PGC1-a, a critical
transcriptional coactivator of energy metabolism [171]. Interestingly, Clk2 also
phosphorylates the PP2A regulatory subunit, B56p, which promotes the association of PP2A
phosphatase with Akt leading to its dephosphorylation and attenuation of insulin signaling
[172].

Knsl1 is the sole member of the LAMMER/CIk kinase family in S. cerevisiae and was
identified recently in a screen for kinases that are required for rapamycin-induced
hyperphosphorylation of the pol Il1-specific subunit, Rpc53 [56]. As noted earlier, Knsl
phosphorylates a single threonine residue in Rpc53 as part of the signaling response to
nutritional and cellular stress that represses pol 111 gene transcription. This role of Knsl is
not limited to the pol 111 system since deletion of K/N/S1 attenuates transcriptional repression
by all three nuclear RNA polymerases with respect to their functions in ribosome and tRNA
synthesis. The substrates mediating this effect in the pol I and pol 11 systems have not yet
been identified and substrates in addition to Rpc53 may also exist in the pol I11 system [56].
Further study is also needed to understand how Kns1 function is regulated by upstream
signaling. One indication is provided by the finding that alkylating DNA damage and
rapamycin inhibition of TORC1 increases the total amount of Kns1 protein. This in turn
promotes the largely autocatalytic phosphorylation of Knsl at multiple sites and its
accumulation in the nucleus [56]. Notably, regulation of kinase abundance in response to
insulin signaling is also a feature of mammalian Clk2 [171].

3.6.3 Glycogen Synthase Kinase-3 (GSK-3) and Mck1—GSK-3 was first described
as a regulator of glycogen metabolism in 1980. More than 30 years later, the enzyme is
known for its broad regulatory influence in cellular signaling and for the myriad of
processes that it impacts. GSK-3 kinase activity in higher eukaryotes is regulated by
phosphorylation, by its sequestration into macromolecular complexes and by its subcellular
localization [173]. Like the LAMMER/CIk kinases described above, GSK-3 family
members are dual specificity kinases that are positively regulated by phosphorylation (either
autocatalytic or by another kinase) on a T-loop tyrosine residue and negatively regulated by
phosphorylation at sites in the N- and C-termini. Regulation of GSK-3 activity is also
achieved through its preference for a “primed” or pre-phosphorylated residue within the
consensus motif S/TXXXpS/T, where the pS/T primed site orients the substrate in the
enzyme active site [174]. This substrate preference also accounts for the inhibitory effect of
N-terminal phosphorylation of GSK-3 through the creation of an intramolecular pseudo-
substrate which competes with the priming phosphate for substrate binding. GSK-3 kinases
function downstream of multiple signaling cascades that include Akt, TOR, PKC, PKA and
stress response pathways [173]. The phosphorylation of some GSK-3 substrates, such as -
catenin, cyclins, transcription factors and oncogenes promotes their ubiquitination and
subsequent degradation [175]. Collectively, the action of the GSK-3 kinases negatively
regulates the function or stability of their protein substrates.

S. cerevisiae contains four GSK-3 homologs, Mck1, Rim11, Mrk1 and Ygk3 with functions
ranging from transcriptional control of stress responsive genes, protein degradation, entry
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into meiosis and other processes [176—-178]. More recently, Mck1 was identified along with
Kns1 as kinases that differentially modify Rpc53 in response to a various types of cellular
stress [56]. Mck1-directed phosphorylation of Rpc53 in vivo and in vitro at serines 224 and
228 required the priming activity of Knsl [56] and was highly specific: Other family
members could not complement this function of Mck1 in cells treated with rapamycin,
MMS, tunicamycin or CPZ treatment [56]. The mechanism(s) that limit the phosphorylation
of Knsl1-primed Rpc53 to Mckl and not the other family members are currently unknown.
Similarly it is not clear if or how Mck1 activity is regulated by upstream signaling. Deletion
of MCK1, like deletion of KNSZ, compromised transcriptional repression of all three RNA
polymerases revealing a common role for both kinases in the down-regulation of ribosome
and tRNA synthesis. Moreover, the level of transcription attenuation in all three polymerase
systems was greater in the double kinase deletion strain than in either single mutant. These
data suggest that one or both kinases function, to some extent, independently of one another
to affect repression. This raises the possibility that other priming kinases may also direct the
activity of Mckl in the transcriptional response to nutrient and stress signaling.

3.7 Phosphatases

Phosphoregulation of Maf1, Rpc53 and various subunits of TFIIIB has been demonstrated in
yeast and/or mammalian cells and much has been learned about the kinases responsible for
these modifications. By comparison, less is known about the protein phosphatases associated
with transcriptional control in the pol 111 system. Our current knowledge is this area is based
on studies in yeast and centers on the dephosphorylation of Mafl by PP2A and PP4. While
considering this work, it is important to keep in mind that the patterns of phosphorylation of
Mafl and Rpc53 are oppositely correlated with respect to transcription [56]. Hence, the
action of phosphatases on Rpc53 would be expected to positively affect transcription and
their simultaneous action on Mafl would promote its repressing function. To avoid these
opposing effects, mechanisms must exist to control phosphatase substrate specificity,
localization or activity in order to achieve the appropriate modification state of these
proteins under a specific set of conditions.

Phosphatases of the PP2A family are heterotrimeric enzymes comprising a scaffolding A
subunit, a catalytic C subunit and a regulatory B subunit which determines substrate
specificity and subcellular targeting [179]. PP2A in yeast is assembled from a single
scaffold protein, Tpd3, one of two catalytic subunits, Pph21 or Pph22, and either Cdc55 or
Rts1 as the regulatory subunit. The assembly and activation of the heterotrimeric
holoenzyme is controlled by post-translational modifications. This includes reversible
carboxymethylation at the C-terminus of the catalytic subunit by the methyltransferase
Ppm1 and the esterase Ppel and activation of the catalytic subunit by the partially redundant
peptidyl-prolyl cidl trans-isomerases Rrd1 and Rrd2 [179].

Tpd3 and both catalytic subunits are distributed throughout the cytoplasm and the nucleus
[180] and function in a variety of processes including cell-cycle progression, metabolic
regulation, transcription and translation. Strains deleted for 7PD3 grow poorly, have defects
in cytokinesis and exhibit low levels of pol 111 transcription [181]. As the Tpd3 scaffold is
required for appropriate positioning of the catalytic subunits for their Rrd activators, the
TPD3 deletion strain has unregulated low phosphatase activity rather than high activity as
first thought [182]. Previous work demonstrated that defective pol 11 transcription in
extracts prepared from a fpd3A strain could be restored to normal levels by the addition of
purified pol 111 or TFIIIB [181]. These observations can now be interpreted as a requirement
for PP2A activity in the synthesis, stability or function of these components.

Deletion of both PP2A catalytic subunits causes severe morphological and growth defects
with strain viability maintained due to partial complementation by PPH3, which encodes the
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catalytic subunit of PP4 [183]. In this strain and in the slow growing fpd3A strain, Mafl is at
least partially dephosphorylated under growth conditions that would otherwise support full
phosphorylation of the protein [27,29]. Whether the growth defects of these strains cause
cell stress leading to Maf1 dephosphorylation and downregulation of pol Il transcription or
whether PP2A directly phosphoregulates Mafl was not resolved by these studies. Mafl
dephosphorylation, nuclear localization and transcriptional repression has also been
evaluated in a double mutant strain lacking the PP2A catalytic subunit PPH21 and the PP4
catalytic subunit, PPH3, i.e. PP2A activity is provided by the remaining a wild-type copy of
PPH22[30]. Some Mafl dephosphorylation and transcriptional repression was observed in
this strain upon rapamycin treatment, albeit with very poor kinetics and low efficiency
compared with a wild-type strain. The role of PP2A was not addressed in a PP4 wild-type
background in this study. Nonetheless, the work showed that the Pph22 catalytic subunit of
PP2A can contribute to the regulation of Mafl and to repression of pol 11l transcription in
the absence of PP4 [30].

The PP4 phosphatase also contributes to the phosphoregulation of Mafl [27]. PP4 is
composed of three subunits; the catalytic subunit Pph3, the coactivator Psy2, and an
additional substrate specificity factor Psy4 [184]. Tip41, a known binding partner of Tap42
and a component of the TOR signaling pathway is also associated with PP4 [184]. A fusion
reporter assay has been used to evaluate the contributions of various phosphatases and their
binding partners to Mafl function [27]. In this reporter assay, the entire Maf1 protein was
fused to the amino-terminus of Rpc160, the largest pol 111 subunit, under the control of a
galactose-inducible promoter. Hybrid protein production inhibited cell growth, a phenotype
termed the fusion growth defect, and caused a loss of pol Il transcription. GAL I-driven
expression of the Maf1 protein alone was sufficient to cause a significant decrease in
transcription suggesting that both Mafl and the Maf1-Rpc160 fusion impaired transcription
in apparently unstressed cells. The fusion growth defect and repression by Maf1 was lost in
strains deleted for PPH3, PSYZ2and (to a lesser extent) APSY4and in a Mafl mutant that is
compromised in its ability to be dephosphorylated [27]. Conversely, deletions of the PP2A
components did not relieve the fusion growth defect. Rrd1 and Tip41, which are associated
with Tap42 activation of PP2A and PP2A-like phosphatases but not the PP2A-associated
Rrd2 protein were also linked to the Maf1 fusion phenotype [27]. The physical association
of Pph3 with Maf1 under non-stress conditions and the effects of deleting PPH3 on Mafl
dephosphorylation, nuclear localization and transcriptional repression upon nutrient
deprivation and/or other stress conditions are all consistent with a significant role for PP4 in
Maf1 phosphoregulation.

Curiously, strains containing the 7SA mutant of Mafl (which cannot be phosphorylated by
PKA or Sch9) also showed a dependence on Pph3 for decreased transcription [27]. The
Mafl 7SA protein has little to no residual phosphorylation as assayed by Phos-tag gel
separation, and functions to repress transcription as effectively as the wild-type protein in
otherwise normal cells [33,42]. The requirement for Pph3 in the Mafl 7SA strain suggests
that additional components of the pol 111 transcription machinery are targeted by PP4 and
contribute to the decrease in transcription.

A survey of Mafl phosphoregulation in strains deleted for the S/74, YVH1, PPZ1, HISZ and
MSG5 phosphatases or containing a conditional CDC14 allele, showed that none of these
phosphatases altered Mafl dephosphorylation caused by nutrient depletion [29]. Thus,
collectively, the data point to contributions from both PP2A and PP4 as phosphatases that
regulate pol Il transcription.
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3.8 Crosstalk

Multiple studies demonstrate that the TORC1 and PKA pathways, despite responding to
different nutritional signals, positively regulate growth and attenuate stress responses in
exponentially growing cells (Figure 3). Functional overlap between these pathways is well-
known and is reflected in many ways including their common targets and the overlapping
substrate specificity exhibited by the TORC1 downstream effector kinase Sch9 and PKA
[129,137,185,186]. In general, PKA and TORCL1 appear to function in parallel although in
specific cases, limiting the activity of one pathway results in increased signaling through the
other [131]. In the case of Maf1, both pathways function in the same direction with Sch9
and PKA targeting overlapping sites to negatively regulate its function. While loss of
signaling through either pathway has quantitatively different effects on the extent of Maf1
phosphorylation in a strain background, growth condition and assay-specific manner
[32,33], the net effect is that pol 111 transcription is reduced when one or the other pathway
is compromised [31,32].

Although PKA activity is regulated largely by the cAMP-dependent dissociation of its
regulatory Bcy1 subunit in glucose replete media, other inputs include the stimulation of
regulatory and catalytic subunit association by the Ga proteins Gpbl and Gpb2 [187],
phosphoregulation of Beyl [43] and nutrient availability [115]. The mechanism by which
PKA activity is altered in response to phosphate, amino acid or ammonium levels is
undefined. Multiple signaling pathways affect the phosphorylation of Bcyl to alter PKA
localization and the specificity of PKA substrate recognition. TORCL, for example, can
control PKA activity toward some substrates [43]: Rapamycin inhibition of TORC1 results
in the phosphorylation of Bcyl at T129 and other sites, promoting the negative regulatory
function of Bey1 that inhibits PKA activity. Bcyl T129 phosphorylation is affected by the
CWI pathway MAP kinase SlIt2 which is negatively regulated indirectly by Sch9. Disruption
of TORCL function also activates the CWI pathway and SIt2 through the TOR effectors
Tap42 and Sit4 [156]. TORCL1 therefore promotes PKA activity toward some substrates by
preventing Slt2-mediated modification of Bcyl. This crosstalk between the TOR pathway,
Sch9 and the CWI pathway via SIt2 alters the extent of Mafl phosphorylation: a Slt2
deletion strain caused elevated phospho-Mafl but did not affect pol Il transcription
[43,151]. In contrast, the phosphorylation of Bcyl at other sites appears to have different
effects on PKA activity towards other substrates [117,118,188,189]. For example, in
response to DNA damage, Mec1-dependent phosphorylation of Bcyl by Mckl enables PKA
regulation of the DNA damage checkpoint and inhibition of mitotic exit. This is achieved by
PKA phosphorylation of Cdc20, an activator of the anaphase promoting complex, and the
stabilization of securin and the mitotic cyclin Clb2 [188,189]. The phosphorylation of Becyl
at T129 and other sites by multiple kinases (as detected by phosphoproteomic analysis,
[43,55]) potentially links the regulation of PKA activity to multiple signaling pathways and
processes. Significantly, deletion of BCY disconnects pol 111 transcription from repression
signaling caused by multiple stresses [31].

Cell wall stress activation of the Rhol GTPase at the cell surface regulates the CWI pathway
and Pkcl [149] and also affects the activity of TORCL1. Activated Rhol binds directly to the
Kogl component of TORC1, decreasing TORCL activity and disrupting its membrane
association. Since the Rho1l binding site on Kog1 overlaps with the binding site of Tap42,
the Rhol-Kogl interaction also releases and thereby activates the Tap42-PP2A phosphatase
[148]. Loss of TORC1 activity also activates the CWI1 pathway upstream of Rho1l, although
the molecular details through which this is achieved are less clear [43,156]. Thus, TORC1
functions both upstream and downstream of Rho1 linking the signaling of nutrients and cell
wall stress [148].
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The Sch9 and PKA kinases that regulate Maf1 phosphorylation and Pkcl are all
phosphorylated by members of the 3-phosphoinositide-dependent protein kinase-1 (PDK1)
family in yeast [190]. Pkh1, one of three PDK1 orthologs in yeast, phosphorylates Sch9,
Tpkl and Pkcl at the PDK1 motif in their activation loop [137,190]. Phosphorylation of
Sch9 by Pkh1 is independent of TORC1 phosphorylation, is nitrogen-sensitive and in all
cases is required for full kinase activity [190]. Since the Pkh1/2 kinases are themselves
regulated by sphingolipids, membrane behavior and function is thereby linked to the CWI,
TORC1 and PKA pathways.

4. Conclusion

Repression of pol 11 transcription couples the dephosphorylation and nuclear accumulation
of Mafl with its binding to pol I1l. However, there are now many lines of evidence
indicating that a shutdown of pol I11 transcription is subject to additional regulatory steps. In
addition to the function of the phosphomimetic MAFI-7SE mutant under cellular stress and
the dependence of the MAF1-75A mutant on cellular stress for repression, the PKA and
Sch9 kinases show compensatory phosphorylation of Maf1, yet pol 111 transcription is
sensitive to a loss of signaling through either pathway. Collectively these observations point
to additional modifications to Maf1 and/or additional targets of the PKA, TORC1 and stress
signaling pathways to effect repression of pol 111 transcription. Consistent with this, it has
been known for some time that the initiation factor TFIIIB requires ongoing CK2 activity
for function. More recently, the polymerase itself was shown to be modified in response to
the loss of TORCL signaling in a new branch of the pathway that requires the concerted
action of LAMMER/CIk and GSK-3 family kinases. However, a detailed understanding of
how cells repress, maintain and re-activate pol Il transcription in response to environmental
cues is still some way off. Additional research is needed to (i) identify all of the regulated
targets in the polymerase, the basal factors and associated proteins, (ii) understand how both
positive and negative nutrient and stress signals modify each component and (iii) provide
mechanistic explanations for how these events lead to or prevent Mafl-dependent repression
of transcription. Together these approaches will provide knowledge of the structure and
function of the regulatory networks that control pol Il transcription and the specific nature
of the failsafe mechanisms that prevent its repression in the absence of cell stress signaling.
Understanding the control and deregulation of pol Il transcription ultimately will drive
innovative approaches to combat aberrant cell growth and proliferation, cell transformation
and cancer.
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Figure 1. Multiple kinases and phosphatases deter mine the cellular localization of Maflin
unstressed yeast cells

Sch9, PKA and TORC1 kinases modify Mafl during exponential growth in rich media
leading to its localization primarily in the cytoplasm in some but not all strains.
Phosphorylation of Mafl at seven PKA/Sch9 consensus sites is depicted by pink circles
(annotated P). The PKA/Sch9 sites are immediately adjacent to or proximal to the NtNLS.
Phosphorylation at these sites negatively regulates the nuclear accumulation of Maf1 in
unstressed cells. The kinases and phosphatases known to modify Mafl are annotated. The
karyopherin Msn5 is required for export of Mafl from the nucleus. See sections 2.1.2 and
3.2 for details.
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Figure 2. A hypothetical network model for regulation of pol |11 transcription

The feed forward loop has two inputs that independently regulate Maf1 and pol 111 function
downstream of stress responsive signaling, in this case, TORC1. The branches control Mafl
function in repression and the sensitivity of the polymerase to Maf1 inhibition of function.
Repression requires regulation from both inputs indicating an AND-gate feed forward loop.
See section 2.2 for details. This figure was adapted from Willis and Lee [62].
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Figure 3. A schematic representation of signaling pathways known to regulate pol 111
transcription in S.cerevisiae

A. Transcription by pol 111 is sensitive to inputs from multiple signaling pathways that sense
nutrients, glucose and cell wall expansion. In logarithmically growing cells in nutrient
replete media the activities of PKA, TORC1 and CK2 promote transcription. CK2 activity is
required for pol Il transcription through a mechanism that affects TFI1IB activity. The Tpk,
Sch9 and TORC1 kinases negatively regulate the repressor of pol 111, Maf1, by
phosphorylation at its seven PKA/Sch9-consensus sites. It is not known if there is
preferential modification of specific sites in vivo by either enzyme. CK2 also promotes
Maf1 phosphorylation at PKA/Sch9 sites through an unknown mechanism. Maf1 is
dephosphorylated by the phosphatases PP4 and PP2A. Dotted lines indicate that the
mechanism of inhibition is either not completely defined or is not direct. Black boxes
indicate active enzymes while gray boxes indicate in inactive enzymes. Phosphorylation is
indicated by the pink circles (annotated P); and the transcription components TFIIIC,
yellow; pol 111, light green; Rpc53/37/11 pol subunits, dark green; TFIIIB, purple and Maf1,
red. B. Pol 111 transcription is shut-down in response to cellular stress. Mafl is
dephosphorylated and binds pol 111 in a manner that interferes with the C82/34/31
subcomplex, function in transcription initiation and binding to TFIIIB. Actively transcribing
and reinitiating pol 111 is unaffected by Maf1. Cell stress and loss of transcription correlate
with phosphorylation of Rpc53 and activation of the Kns1 kinase. Kns1 primes the pol 111
subunit Rpc53 for further phosphorylation by Mck1 in response to stress signaling
pathways. Phosphorylation of Rpc53 occurs independently of Mafl and Maf1 is not
phosphorylated by Knsl or Mckl. CK2 activity is impaired by DNA damage by a
mechanism that promotes the dissociation of the catalytic subunits from TFIIIB. See section
3.6.1 for details.
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