1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Annu Rev Biochem. Author manuscript; available in PMC 2019 June 20.

-, HHS Public Access
«

Published in final edited form as:
Annu Rev Biochem. 2018 June 20; 87: 75-100. doi:10.1146/annurev-biochem-062917-012624.

Signaling to and from the RNA Polymerase Il Transcription and
Processing Machinery

lan M. Willis1:2 and Robyn D. Moirl
1Department of Biochemistry, Albert Einstein College of Medicine, Bronx, New York 10461

2Department of Systems and Computational Biology, Albert Einstein College of Medicine, Bronx,

New York 10461

Abstract

RNA polymerase (Pol) I11 has a specialized role in transcribing the most abundant RNASs in
eukaryotic cells, tRNAs, along with other ubiquitous small non-coding RNAs, many of which have
functions related to the ribosome and protein synthesis. The high energetic cost of producing these
RNAs and their central role in protein synthesis underlies the robust regulation of Pol 111
transcription in response to nutrients and stress by growth regulatory pathways. Downstream of
Pol 111, signaling impacts posttranscriptional processes affecting tRNA function in translation and
tRNA cleavage into smaller fragments that are increasingly attributed with novel cellular activities.
In this review, we consider how nutrients and stress controls Pol 111 transcription via its factors and
its negative regulator, Maf1. We highlight recent work showing that the composition of the tRNA
population and the function of individual tRNAs is dynamically controlled, and that unrestrained
Pol 111 transcription can reprogram central metabolic pathways.
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INTRODUCTION

In rapidly growing cells the synthesis of rRNAs, tRNAs and other small non-coding RNAS
by RNA polymerases (Pols) I and I11 accounts for ~80% of the nucleotides consumed in

nuclear gene transcription. Pol 111 transcription contributes about one quarter of this amount.

The high energetic cost of synthesizing these molecules is thought to underlie their robust,
coordinate regulation (especially repression) which conserves metabolic energy during
periods of nutrient deprivation and stress and allows resources to be optimally balanced
between cell survival and homeostatic functions versus growth. New research shows that
regulatory changes in Pol 111 transcription are not evenly distributed across tRNA genes or
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the mature tRNA population since nutrients and stress can also affect tRNA processing,
maturation and modification. The net result is a different tRNA profile and different tRNA
functionality. In this review, we summarize current understanding about how changes in cell
signaling impact Pol 111 transcription and affect the production and function of tRNA
molecules along with their truncated derivatives. We focus on studies in yeast and
mammalian systems to emphasize the broadly conserved nature of these responses which, in
higher eukaryotes, help to shape normal and disease cell states.

NUTRIENT AND STRESS SIGNALING TO THE RNA POLYMERASE llI

SYSTEM

The ability of yeast cells to alter ribosome and tRNA synthesis in response to growth rate
and nutrient levels has been known since the mid-1970s (1, 2). However, it was not until the
mid to late 1990s that compelling evidence for the coordinate transcriptional control of these
processes began to emerge. Independent studies on the secretory pathway and Target of
Rapamycin (TOR) signaling found that genetic or chemical inhibition of these processes led
to transcriptional repression of Pols I and 111 along with repression of ribosomal protein (RP)
gene transcription by Pol Il (3-7). Thus, common signaling molecules (TOR kinase and
components of the cell integrity pathway, respectively) were found to mediate the coordinate
transcriptional responses to nutrients and perturbations of cellular function. Identifying the
targets of these pathways in the corresponding transcription systems continues to the present
day. For Pol 11, an early success was the identification of Maf1, a master regulator in this
system whose function is essential for modulating transcription with changing nutritional,
environmental and cellular stress conditions (8, 9). While not essential for viability, yeast
cells lacking Maf1 are largely blocked in their ability to repress Pol 111 transcription (see the
sidebar titled The Pol Il Transcription Machinery). These properties appear to be conserved
in higher eukaryotes. MAFL1 is encoded by a single gene in mice and humans and, as in
yeast, a whole body knockout of MafZ in mice is viable and fertile (10). Mammalian cells in
culture require MAF1 for repression of Pol 111 transcription following serum starvation and
treatments with TOR Complex 1 (TORCYL) inhibitors or DNA damaging agents (11, 12) and
in mouse tissues for the down-regulation of Pol 11 transcription following an overnight fast
(10; Bonhoure et al. submitted).

Mechanism of Repression by Mafl

Initial genetic and biochemical studies in yeast identified Pol I11 and Brf1, a subunit of the
initiation factor TFIIIB, as direct targets of Mafl and showed that the binding of Mafl to
these molecules inhibits two discrete steps in transcription: Binding to Brfl inhibits its
recruitment by the promoter-bound assembly factor TFI1IC while binding to Pol 111 blocks
its recruitment to TFIIB-TFIIIC-DNA complexes (11, 12). Both of these inhibitory
interactions are conserved in mammals. Additional biochemical studies in yeast and human
systems established that preinitiation complexes containing Pol I11 and stalled elongation
complexes are protected from inhibition by Mafl (13, 14). These complexes are able to
initiate or resume transcription, respectively, to generate full-length products despite the
presence of excess Maf1. Factor-independent transcription on an elongation scaffold or a 3
tailed template is also unaffected by Mafl (15). Consistent with this, Pol 111 was shown to
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bind various model templates and Maf1 simultaneously. The central conclusion from these
studies is that Maf1 can bind to Pol I1l engaged with DNA in a manner that is compatible
with transcription. Further mechanistic insight emerged with the finding that Pol 111
molecules undergoing facilitated recycling, a process in which the polymerase terminates
transcription and reinitiates without dissociating from the template (16), are resistant to
repression by Mafl (14). Together, these observations support the view that Mafl binding to
Pol 111 after it dissociates from DNA inhibits subsequent promoter binding. However, a
different type of Maf1 interaction is apparently possible during elongation and facilitated
recycling: The function of actively transcribing Pol 111-Mafl complexes is apparently
unaffected under these conditions but the repressor is poised to inhibit transcription the
moment the polymerase dissociates from the DNA (Figure 1). One can infer from this that
events governing Pol 111 dissociation from DNA, facilitated recycling and the functions of
initiation factors are likely important in Maf1-dependent control of transcription (see below).

Initial structural insight into the Maf1-Pol Il interaction has come from low resolution (~19
A) cryoEM studies of Pol 111 and a Pol 111-Maf1 complex (15). The difference density map
could accommodate the X-ray structure of Mafl and together with nanogold labeling
studies, the repressor was located on top of the clamp domain of the largest Pol 111 subunit
(Figure 2a). This location partially overlaps density assigned to the Rpc82-Rpc34-Rpc31
subcomplex in a Pol 111-DNA-RNA complex. Thus, Mafl binding to Pol 111 is thought to
reposition the Rpc82-Rpc34-Rpc31 subcomplex leading to unfavorable interactions between
its Rpc34 subunit and the Brfl subunit of TFI1IB and hence impaired Pol 11 recruitment.
Clearly, an important goal for the future will be to solve atomic resolution structures of the
Pol 111-Mafl complex with and without an elongation scaffold. Comparison of these
structures with recently solved high resolution structures of the corresponding complexes
lacking Maf1 (17) will reveal molecular details of transcriptional repression by Maf1.

Phosphoregulation of Mafl

The phosphorylation state of Mafl regulates its interaction with Pol 111 in different species.
All of the mapped phosphorylation sites that are known to be biologically important (i.e. are
differentially modified by nutrients or stress and participate in regulated transcription) are
located in a region of variable sequence between two phylogenetically conserved segments
(termed A and B)(8). Yeast Mafl contains seven phosphosites in this region. Under optimal
growth conditions where Maf1 is inactive, six of these sites are redundantly phosphorylated
by protein kinase A (PKA) and Sch9, the TOR-regulated ortholog of mammalian S6 kinase,
while the seventh site is targeted selectively by Sch9. Based on a wide variety of studies,
work by multiple groups has established that Maf1 phosphorylation and Pol 111 transcription
in yeast is modulated by the Ras/PKA pathway and by the rapamycin-sensitive TORC1
complex (11, 12). In addition, crosstalk between these pathways allows TORCL to control
the interaction of regulatory and catalytic PKA subunits and thereby regulate PKA activity
towards some of its substrates, among them, Mafl (18) (Figure 1). Other regulatory inputs
into the Pol 111 system are provided by crosstalk with other signaling molecules (e.g. protein
kinase CK2, see below) and other pathways such as the cell integrity pathway. However, the
connectivity in this signaling network is not fully defined. Indeed for many stresses (e.g.

Annu Rev Biochem. Author manuscript; available in PMC 2019 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Willis and Moir

Page 4

DNA damage, oxidative stress, stress on the endoplasmic reticulum, etc.) it is not known
how the signals are transduced to Maf1.

Like many transcriptional activators and repressors that mediate nutrient and stress
responses in yeast (19), Maf1 shuttles between the nucleus and the cytoplasm. Its steady
state distribution in these compartments is determined by several factors including (i) a
strong nuclear localization sequence (NLS) which is inhibited by regulatory region
phosphorylation, attributed to cytoplasmic PKA isoforms and Sch9, (ii) a second relatively
weaker but constitutive NLS and (iii) the exportin Msn5 which returns Maf1 to the
cytoplasm after its phosphorylation in the nucleus. The localization of Mafl is also affected
by ssdi-d, a defective allele of SSD1 that causes pleiotropic effects through the disruption of
polarized mRNA trafficking and translational repression (20, 21). As reviewed elsewhere
(11, 12), nucleocytoplasmic shuttling is thought to fine-tune the function of Mafl since its
phosphoregulation occurs normally when the protein is confined to nucleus by deletion of
MSN5. Kinases that phosphorylate Mafl in the nucleus likely include the Tpk2 isoform of
PKA which is predominantly located in this compartment in unstressed cells (22) and
TORC1 which is found in the yeast nucleolus associated with the 35S promoter and 5S
rDNA (20). The localization of Torl to these sites is dependent on an NLS and a putative
DNA binding motif (HLH). Interestingly, while Tor1 is not detected on tRNA genes in yeast,
a rapamycin-resistant 7OR allele bearing mutations in the NLS or the HLH showed
diminished Mafl phosphorylation and reduced transcription of both 5S rRNA and tRNA
genes. Together with immunofluorescence studies, it was proposed that nucleolar TORC1
regulates nucleoplasm-to-nucleolus transport of Mafl and helps maintain high levels of Pol
I11 transcription by directing inactive phosphorylated Maf1 protein into the nucleoplasm. In
the same study, immunopurified TORC1 was shown to phosphorylate Mafl in vitro.
However, to date the phosphorylation sites have not been mapped and the relative
contributions of TORC1 and Tpk2 in phosphorylating nuclear Maf1 are unknown.
Nonetheless, the yeast findings are instructive in light of work on TORC1, Mafl and Pol IlI-
transcribed genes in human cells.

The regulatory region of human Mafl contains at least three sites that are differentially
phosphorylated in response to nutrient signaling and alkylating DNA damage (23-25). None
of these sites occur within PKA consensus matifs. Indeed, rather than employing PKA or
intermediary kinases, Maf1 in human cells is directly phosphorylated by mTORCL in the
nucleus. Supporting this conclusion, in vitro phosphorylation of human Maf1 by
immunopurified mTORCL1 was shown to be dependent on the catalytic activity of mTOR
and was rapamycin-sensitive (23) while the interaction of Mafl with mTOR in the nucleus
was shown by proximity ligation assays (PLA)(25). In addition, mTOR is associated with all
types of Pol IllI-transcribed genes in mammals (24, 25) and its interaction with TFIIIC,
demonstrated by immunoprecipitation and PLA data, provides a mechanism for mTORC1
recruitment, at least for 5S and tRNA genes (25). A large number of Pol 111 loci have now
been associated with TORC1 following an mTOR ChlP-seq study in mouse liver. A
comparison of the results with one of several published Pol 111 ChIP-seq datasets revealed a
high degree of overlap with Pol Il1-occupied genes (26). With the exception of Pol 111-
occupied SINEs which generally lack mTOR, all other Pol IlI-transcribed genes appear to be
mTOR targets. Notably, the function of mTOR as a direct regulator of gene transcription
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also extends to many protein coding genes including those involved in insulin receptor
signaling, cancer and immune signaling, the proteasome and metabolic genes. mTOR
occupancy of its target genes appears to be rapamycin-sensitive (25, 26) although not all
studies support this conclusion (24). In any event, the presence of mTORCL at Pol I1l-
transcribed genes under growth promoting conditions is likely to result in the local
inactivation of Maf1 and raises the possibility that mMTORC1 may also target the polymerase
and/or initiation factors.

Phosphoregulation of Pol Ill and TFIIIB is mechanistically linked to Mafl-dependent
repression in yeast

The first indication that repression of Pol 111 transcription involved more than simply
dephosphorylating Mafl in the nucleus was suggested by studies with alanine substitution
mutants (Mafl 6SA and 7SA) that prevent most or all of the known regulatory
phosphorylation. The mutant proteins accumulated in the nucleus and interacted with the
polymerase but transcription in otherwise optimal growth conditions was either not affected
or only minimally reduced (27, 28). However, transcription was still robustly repressed
under growth inhibitory conditions. This suggested that pro-growth signaling towards other
components of the transcription machinery was preventing repression and/or that the
modification of additional targets under repressing conditions was needed to achieve strong
repression. Subsequent research has found evidence for both of these scenarios.

Differential phosphorylation of the Pol 111 subunit Rpc53, which along with Rpc37
comprises its heterodimeric TFIIF-like subcomplex, correlates with Mafl dephosphorylation
under all tested repressing conditions (29). Rpc53 phosphoregulation is attributed to the
action of two protein kinases, the Cdc-like kinase Kns1 and the glycogen synthase kinase 3
family member Mck1. Both of these kinases function downstream of TORC1 with Knsl
increasing in abundance, becoming activated by autophosphorylation and accumulating in
the nucleus after rapamycin treatment. Kns1 phosphorylates a single site in Rpc53 to prime
successive phosphorylation events by Mck1 at neighboring residues. This process was
reconstituted in vitro and mutation of the corresponding phosphosites abolished the
phosphorylation in vitro and in vivo. Importantly, deletion of KNSZand MCK1 attenuated
transcriptional repression by Pol 111 as well as Pol | and RP gene transcription demonstrating
that these kinases are part of the coordinate response of ribosome and tRNA synthesis to
nutrient deprivation. However, analysis of the triple phosphosite to alanine mutant in Rpc53
(termed M1A) showed no effect on repression of Pol 111 transcription. Confirmation of the
regulatory significance of these modifications required the M1A mutant to be assayed in the
context of a hypomorphic RPC11 allele, known to be defective in facilitated recycling (29,
30). Since facilitated recycling is resistant to repression by Mafl (14), the M1A mutant is
thought to antagonize this process in a mutant rpc11 strain that is sensitized to these
changes. Recent cryoEM structures of Pol 111 support the finding that the Rpc53-Rpc37
subcomplex stabilizes Rpc11 on the enzyme but the N-terminal two-thirds of Rpc53, which
includes the phosphoregulated sites, is missing in the structures (17). Photocrosslinking data
show that the Rpc53 phosphosites are in close proximity to Rpc160 and Rpc128 (31) and in
light of the position of these subunits relative to Rpc53 and Rpcll it is conceivable that
phosphorylation of Rpc53 may affect facilitated recycling by changing the dynamics of
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Rpcll interactions with the core polymerase (17). In this regard it is interesting that in the
open and closed apo Pol 111 structures the N-terminal and C-terminal zinc-binding domains
of Rpcl1 are well resolved although the linker between them is not (Figure 2b and 2c). In
contrast, only the N-terminal zinc-binding domain can be seen in the elongating Pol 11l
complex consistent with the mobility of the C-terminal domain (17). Further examination of
this model is needed bearing in mind that Rpc53 phosphorylation could also affect other
documented activities of the Rpc53-Rpc37 subcomplex such as promoter opening,
polymerase elongation and termination (30, 32, 33).

A systematic examination of differential phosphorylation among the 17 subunits of Pol Ill
and the three subunits of TFIIIB identified two additional proteins whose phosphorylation
state changes in response to TORC1 activity. The Rpc82 subunit of the polymerase and the
Bdp1 subunit of TFIIB are both dephosphorylated under repressing conditions (34).
Analysis of phos-tag acrylamide gels suggested that the change in phosphorylation involves
~20% of the total amount of each protein. In the case of Rpc82, this could potentially impact
the function of 400-500 polymerase molecules, roughly equal to the number of Pol I11-
transcribed genes in yeast (35). Rpc82 phosphosite mapping and functional studies are
needed to evaluate these changes. For Bdp1, multiple phosphopeptides have been reported
but only four sites account for the bulk of the phosphorylation in the protein under optimal
growth conditions. In vitro and in vivo studies suggest that these sites are targeted by pro-
growth kinases, specifically PKA, Sch9 and CK2. In functional studies, the quadruple
phosphaosite to alanine mutant (BapI-4SA) did not affect normal or repressed levels of
transcription in a wild-type strain. However, in a strain containing a hypomorphic Mafi-myc
allele that limits the extent of repression by lowering the affinity of Maf1 for the polymerase,
the Bdpi-4SA mutation enabled robust repression. Thus, weakening the Maf1-Pol 111
interaction exposed the functional importance of dephosphorylating Bdpl under repressing
conditions. It follows that Bdpl phosphorylation opposes Mafl-dependent repression. How
this is achieved mechanistically is not known at the present time. However, in keeping with
the role of facilitated recycling in achieving high levels of Pol 11 transcription and the
resistance of this process to repression by Mafl (14, 16), it has been proposed that Bdpl
phosphorylation may promote polymerase rebinding to the TFI1IB-DNA complex during
facilitated recycling (34)(Figure 1).

Integration of CK2 into TOR pathway regulation of Pol lll transcription

As a pro-growth serine/threonine protein kinase, CK2 has generally been associated with
positive effects on Pol I11 transcription in yeast and mammals although its effect on
transcription in mitotic Hel a cell extracts serves as a notable exception (36—41). To date, the
principal target of CK2 in these systems is the initiation factor TFIIIB. In vitro activity of
CK2 against all three subunits of TFIIIB (TBP, Brfl and Bdp1l) has been reported but
attributing the modifications of these subunits to altered Pol 111 function in a physiological
context has been challenging. CK2 has historically been considered a constitutive enzyme
and its catalytic function, which is essential for viability, impacts myriad cellular processes
(42). Thus, acute perturbations of CK2 activity by either genetic or chemical means can
result in secondary effects in cells (43). Nonetheless, CK2 has been implicated in Pol 11l
transcriptional regulation during the cell cycle in humans (40) and following DNA damage
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(37) or carbon source switching in yeast (41). Consistent with its regulatory function, CK2 is
associated with Pol 111 loci in multiple species (40, 41, 44) but the basis for its dynamic
control of Pol 111 transcription has been unclear. Recently, studies in yeast have found that
CK2 is a downstream target of TORC1 (34). Subunit gene deletions of CK2, which is an aa
BB’ heterotetramer comprising two catalytic a subunits and two regulatory B subunits, are
rapamycin-sensitive. This phenotype is explained by the finding that the Cdc-like kinase
Kns1, which is activated upon inhibition of TORCL1 (discussed above), phosphorylates a
single site in vitro and in vivo on one of the CK2 regulatory subunits (Ckb1)(Figure 1). The
change in Ckb1 phosphorylation correlates with reduced occupancy of CK2 on tRNA genes,
dephosphorylation of functionally important CK2 sites in Bdpl and repression of Pol 111
transcription (34, 45). Considering the functional buffering of regulatory changes seen with
Rpc53 and Bdpl, it is not surprising that the preceding effects of CK2 phosphorylation were
not induced by a phosphomimetic mutation or attenuated by an alanine substitution at the
Ckb1 phosphosite. It appears that unmasking the effect of Ckb1 phosphosite mutants on Pol
I11 transcription will require an appropriately sensitized strain. The question of how CK2
phosphorylation might affect its function is still open although the possibility that the
catalytic and regulatory subunits dissociate under repressing conditions appears to have been
excluded (34). The high stoichiometry of phosphorylation of Ckb1 under many different
repressing conditions suggests that the function of close to half of the CK2 in the cell may
be altered. Taking CK2 structural and electrostatic considerations into account, it has been
proposed that the modification may affect CK2 interactions with a subset of its many
substrates (34).

Nutrient-dependent SUMOylation

The Pol 111 system has been associated with the small ubiquitin-like modifier (SUMO) since
the first studies on the SUMOQylome in yeast (46—-49). These reports provided evidence for
SUMOylation of Pol 111 subunits and transcription factors (Brfl) under normal growth
conditions as well as an indication that SUMOQylation of the polymerase might be
dynamically regulated in response to stress (48). More recently, important progress has been
made validating and expanding these observations and there is a growing appreciation of the
functional significance of SUMOylation in Pol Il transcription. SUMO Chip-seq studies in
human fibroblasts and in yeast have revealed that the genes most prominently associated
with SUMO are involved in cell growth and include Pol I- and Pol IlI-transcribed genes as
well as RP genes (50, 51). Curiously, subsequent experiments arrived at opposite
conclusions about the role of SUMO at these loci in the different organisms. The reasons for
the divergent conclusions are not clear but may reflect different functions of SUMO in
different contexts, e.g. the maintenance of homeostasis in cultured human cells versus an
acute stress response in yeast. In fibroblasts, SUMOylation is associated with active Pol 111
loci and is at least partly due to direct modifications of chromatin since UBC9, the E2
conjugating enzyme for SUMO, colocalizes with SUMOylated proteins at these loci.
Knockdown of UBC9and SUMO led to up-regulation of Pol I- and Pol Ill-transcribed genes
along with RP genes and other growth control genes. Thus, it was concluded that SUMO
normally works to limit the expression of these genes (50). Recently, deep profiling of the
human SUMO proteome has found that SUMOQylation in the Pol 111 system, like many other
nuclear processes, is pervasive and responsive to proteotoxic stress (52). Multiple
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SUMOylation sites have been mapped in the majority of subunits representing each of the
functional entities, i.e. TFIIIC, SNAPc, TFIIIB and Pol I1l. The large number of
modification sites (157 mapped sites in 23 proteins) poses significant challenges for future
functional studies.

Studies in yeast revealed UBCY-dependent SUMOylation at the start sites of Pol 111-
transcribed genes and at the promoters of RP and snoRNA genes under normal growth
conditions (51) and led to experiments on the role of SUMO in the coregulation of these
genes by TORC1. Transcriptome analysis and short RNA sequencing showed the expected
rapid decrease in tRNA and RP gene transcription after rapamycin treatment and similar
dramatic reductions in the expression of these genes at the permissive temperature in a
ubc9-1 mutant strain. For Pol IlI-transcribed genes, the decrease in transcription in response
to rapamycin also correlated with reduced SUMOylation of these loci. For RP genes, the
relationship between SUMO ChlP signals and gene expression was more complex.
Nonetheless, the overall results support the global conclusion that SUMO positively
regulates the transcription of tRNA and RP genes in yeast (51, 53).

Analysis of the yeast SUMOylome under nitrogen-rich and nitrogen-limiting conditions
revealed differential SUMOylation of multiple Pol 111 components (53). Notably, the
SUMOylation of three polymerase subunits, Rpc128, Rpc82 and Rpcb3, was significantly
reduced with nitrogen limitation or rapamycin treatment whereas for Brfl and several
TFIHIC subunits the opposite response was observed. While these changes were measured in
total cell extracts, the patterns reflect changes in the physical associations of the factors and
polymerase with DNA, i.e. dissociation of the polymerase, retention of Brfl and increased
occupancy of TFIIIC upon nutrient starvation as determined from genome-wide occupancy
data (54). Investigation of the role of SUMOylation in these processes is likely to be
informative. The mechanistic implications of SUMOylation in the Pol I11 system are
currently best understood for Rpc82 where lysine to arginine substitutions of four predicted
modification sites (rpc82-4KR) abolished its SUMOylation. This mutant allele showed
reduced assembly and/or stability of Pol 111 and a reduced interaction with Brfl implying a
defect in polymerase recruitment. These findings are consistent with reduced tRNA gene
transcription in unstressed rpc82-4KR cells, an effect that was not dependent on Mafl. The
role of Rpc82 SUMOylation in Mafl-dependent repression, if any, is not yet clear. Future
studies to address this important question will benefit from the sensitivity and coverage of
small RNA sequencing.

Human Mafl is SUMOylated on lysine 35 and the corresponding K35R mutant has
diminished interactions with Pol 111 and diminished function in repression (55). However,
this modification is apparently insensitive to rapamycin, at least in COS7 and 293T cells.
Thus, while the function of Mafl appears to be impacted by its SUMOQylation, evidence for
a direct regulatory role is currently lacking. Examination of a wider range of physiological
perturbations in different cell lines might help to address this issue.

SUMOylation can affect the function of transcription factors both positively and negatively
by multiple mechanisms (56). Thus, coupled with multiple sites and targets, the regulation of
Pol 111 transcription by SUMO is likely to be complex. Current data affirm this view with
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apparently opposing effects of SUMOylation on different polymerase subunits (55). Aside
from its potential to control various steps in Pol I1 transcription, SUMOylation could also
modulate the concentrations of Pol 111 components. Of particular interest is the possible
involvement of phosphorylation-dependent SUMOylation (57) since this may allow the
integration of specific SUMOQylation events into current models of Mafl-dependent
repression (Figure 1).

DIURNAL REGULATION OF POL Ill TRANSCRIPTION

Recent reports show that ribosome synthesis, protein synthesis and Pol Il transcription are
rhythmically regulated by the circadian clock (58-61), the internal time-keeping system that
adapts cell physiology and behavior to day and night cycles (62—64). Circadian regulation of
Pol Il transcription overlays the feeding-fasting cycle of Pol Il transcriptional control in
clear but subtle ways.

Diurnal regulation of Pol Il transcription has been examined in mouse liver using Pol 111
ChlIP-seq as a proxy for Pol 11 transcription (60). The experiments compared control mice
to (i) arrhythmic mice that lacked a core clock component, ARNTL, (ii) mice that were fed
at constant intervals during the day and night and (iii) mice that were missing the MAF1
repressor. Initial experiments showed that rhythmic expression of core clock-regulated genes
was lost in Arnt/ KO mice, but not in constantly fed mice, as expected. Conversely,
constantly fed mice lost the normal diurnal fluctuations in blood insulin levels and liver
AKT-TORC1 signaling which were retained in Arnt/ KO mice. These two conditions
together enabled effects on Pol 111 occupancy to be interpreted in terms of a response to
either the core circadian clock or nutrients since food was only provided to control and At/
KO mice at night. The results showed that high nighttime Pol Il occupancy in control and
Arnt/ KO mice occurs in response to feeding. In addition, control and constantly fed mice
showed higher Pol 111 occupancy at the end of the day, before lights out and access to food,
than in the morning. This increase was absent in the clock-deficient mice. Together, these
findings suggest an anticipatory circadian response that ramps up Pol Il transcription at the
end of the day in preparation for active nighttime feeding, as is typical for nocturnal rodents.
Thus, Pol 11 transcription appears to follow a diurnal cycle with clock-dependent
anticipatory changes as well as changes that occur upon feeding. The timing of these
changes correlates with the accumulation of ribosomes and with protein synthetic activity
which is maximal during the night (61).

Loss of MAF1 does not significantly perturb the expression of clock-controlled genes.
However, Pol 111 occupancy in Mafl KO mice fed only at night increases significantly
during both the day and night compared to control mice, consistent with the loss of the
fasting-feeding response in these animals. Closer examination of Pol 111 occupancy in Mafl
KO mice at the beginning and the end of the day revealed an anticipatory rise before
nighttime and food availability suggestive of core clock-dependent regulation. Thus, the
findings support a clock-dependent but Mafl1-independent mechanism for increasing Pol 111
occupancy in the anticipatory period before dark followed by a Maf1-dependent response to
feeding. The latter is regulated by insulin via PI3K/AKT/TORCL signaling but the
mechanisms employed by the circadian clock to affect Pol I11 occupancy are unknown.
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Extensive analysis of diurnal rhythms in mouse liver by transcriptome and ribosome
profiling and nuclear proteomics has found little evidence for rhythmic expression of the Pol
I11 transcription machinery (58, 59, 65). Thus, posttranslational mechanisms employing, for
example, any one of several protein kinases inferred by phosphoproteomics to be active from
the middle to the end of the day (65), are perhaps more likely.

DEREGULATION OF POL IIl TRANSCRIPTION IN CANCER

Given the central role of 5S rRNA and tRNAs in protein synthesis and cell growth, the
activation of Pol 111 transcription by transforming DNA tumor viruses, cellular oncogenes,
tumor suppressors and oncogenic signaling pathways has been extensively studied in an
effort to understand the complex relationship between Pol 111 gene transcription and cancer.
Research in this area has focused mostly on the PTEN-PI3K-AKT and Ras-ERK pathways
and the RB, p53 and Myc proteins which impinge directly on Pol 111 (and Pol I)
transcription. Many excellent reviews of these studies are available and should be consulted
for a full appreciation of the accumulated knowledge (66-69).

Early seminal work on Pol Il transcription in cancer cell lines and biochemical mechanism-
of-action studies motivated efforts to examine the importance of deregulating Pol 11l
transcription for cell transformation and tumorigenesis. Subsequently it was shown that
reducing Brfl expression to offset Pol 111 gene activation in Myc-transformed Ratla
fibroblasts inhibited anchorage-independent growth and tumor formation in mice (70). Thus,
enhanced Pol 111 transcription in these cells is required for tumorigenesis. Similar results
have been obtained by stable overexpression of Mafl in PTEN-deficient glioblastoma cells
and in Huh-7, HepB3 and other liver cancer cell lines (71-73). Conversely, sShRNA
knockdown of Maf1l in several of the same cell lines showed the opposite behavior with
increased cell growth, proliferation and invasiveness (73). Attributing these Mafl-dependent
changes to effects on Pol 111 transcription is complicated, however, by the potential for Mafl
to also influence transcription of specific Pol 1l genes (71-73). Indeed, in the preceding
studies, the effect of Mafl overexpression on proliferation and invasiveness could be
explained by changes in PTEN expression (73). Further studies are needed to elaborate the
activation mechanisms which appear to be part of a Maf1-PTEN feedforward loop wherein
Maf1 activation of PTEN expression leads to repression of PI3K-AKT signaling and to a
FoxO1-mediated increase in Mafl abundance (74).

Altered tRNA levels promote disease progression in cancer

Logically, the ability to sustain an increase in growth rate as tumor cells proliferate requires
the upregulation of Pol Il transcripts. Indeed, this appears to be the case as reflected by
increased total tRNA levels (elevated 1.2-1.4 fold) and relative increases in individual tRNA
isoacceptors measured by microarray in breast cancer and myeloma cell lines and breast
tumors versus controls (75, 76). Interestingly, quantitative differences across the tRNA
population in these experiments revealed selective effects with some isoacceptors being
more dramatically affected than others. Similar observations have been made across
different human tissues (77). In other studies, tRNA microarrays have been used to assess
gene expression changes in hundreds of samples representing various states of proliferation,
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differentiation, transformation and senescence (78). Collectively, these studies indicate that
the composition of the tRNA population, i.e. the tRNA profile, is not static but changes
depending on the cell type and most notably, on the proliferative state of the cells (77, 78).

What is the biological importance of changing tRNA profiles? The answer is complex since
it relates to the extent to which the codon usage of the transcriptome and the closely
correlated abundance of the tRNA decoders function to fine-tune translation of different
classes of genes (78). This functional relationship between codon usage, tRNA abundance
and protein level is generally well accepted in bacteria and yeast but remains controversial in
mammals (79-83). However, if the question is more narrowly defined to ask whether the
levels of particular tRNA isoacceptors are important for translation of specific mMRNAs, then
interesting examples come to light.

Using a splinted-ligation methodology, tRNA profiling of poorly metastatic breast cancer
cell lines along with their highly metastatic derivatives identified correlated changes in
tRNA abundance in the metastatic cells (84). Two tRNAs (tRNACUUUC and tRNAAYCCG)
were prominently upregulated in these cells. sShRNA knockdown of these tRNAs in
metastatic cells or their overexpression in the parental cell lines had reciprocal effects on the
metastatic phenotype in mice and on cell invasion in vitro. Subsequent ribosome profiling
and proteomic analysis of the tRNA overexpressing cells revealed enrichment of the
respective codons among genes that had relatively higher ribosome occupancy and higher
protein levels. The function of two proteins, EXOSC2 and GRIPAP1, selected as potential
mediators of the metastatic phenotype in tRNACGUUUC overexpressing cells was confirmed
and the expression of EXOSC2 was clinically associated with invasive breast cancer. Thus,
the work shows that tRNA levels can modulate the expression of proteins whose mRNAs are
enriched in the corresponding codons and that these changes promote disease progression in
metastatic breast cancer cells (84).

The unique role of initiator methionine tRNA (tRNAiMeY in translation raises the possibility
that its overexpression, which is documented in numerous cancers, might increase the rate of
protein synthesis globally or have preferential effects on the expression of genes that
promote tumor development (78, 85). Indeed, in Drosophila, an extra copy of tRNAiIMet js
sufficient to increase protein synthesis, larval growth rate and body size (86). However,
analogous experiments in transgenic mice where tRNAiMet expression was increased 1.3-1.5
fold from two extra copies of the gene (2+tRNAiMet mice), found no effect on size,
bodyweight or the rate of protein synthesis in MEFs derived from these animals (87).
Although these gross metrics were unchanged, when 2+tRNAiMet mice were used to
establish subcutaneous allografts of transformed melanoblasts, the resulting tumors were
larger and more vascularized than in control animals. Thus, elevated tRNAiIMet expression in
the host animal promotes tumor growth and angiogenesis. These phenotypes were explained
by a highly selective effect of tRNAiMet on the expression of secretory proteins, especially
type 11 collagen, in 2+tRNAiMet fiproblasts, leading to the production of an extracellular
matrix that favors the migration of endothelial cells and angiogenesis.

In a separate but related study, tRNAiMet overexpression was shown to drive cell migration
of fibroblasts in vitro and to increase melanoblast migration during embryogenesis in
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2+tRNAiMet mice (88). Further, when crossed with INK4a-/- mice expressing a melanocyte-
specific N-Ras mutant, isolated melanocytes from tRNAiMet overexpressing animals
migrated faster than controls. Cell migration and invasiveness in vitro was also increased in
melanoma cell lines engineered to increase tRNAIMet expression, as was metastasis in
xenograft models. In many of these assays the effects of tRNAiMet overexpression were
found to be achieved without changes in cell growth or proliferation. Thus, the results point
to selective effects on the translational program, potentially related to increased secretory
pathway flux, as having an important role in tumor cell migration and metastasis (87, 88).

In cancer cells, elevated levels of both initiator and elongator tRNAs have now been shown
to have a significant impact on gene expression and disease progression, especially
metastasis. Considering these few examples and the fact that changes in the tRNA profile
between normal and transformed cells involve differences in absolute and relative levels of
many tRNASs (75, 78), it seems likely that additional contributions of tRNASs to gene
expression in cancer will be uncovered.

Cellular perturbations have differential effects on Pol Ill gene transcription

How does cell transformation lead to disproportionate effects on the expression of different
tRNASs? Given the many steps in tRNA biogenesis (89), there are multiple opportunities for
preferential expression at the level of the gene and beyond. Current work suggests that
quantitative differences in Pol 11l gene transcription can be achieved by multiple
mechanisms: (i) The frequent amplification of genomic regions in cancer can increase tRNA
gene dosage leading to differences in expression (84); (ii) Changes to the chromatin
landscape in transformed cells result in the restriction and/or expansion of access to the
underlying DNA (90) and may affect the number and type of transcriptionally active Pol 111
loci. Notably, since only about one-half to two-thirds of the ~500 human tRNA genes are
transcriptionally active (91-95), there is significant potential to change the tRNA profile
through the activation of otherwise silent genes. Evidence that the expressed tRNA gene
repertoire changes with cell state includes a comparative study of adipose-derived stem cells
and their induced pluripotent derivatives where an additional 85 tRNA genes were found to
be occupied by Pol 111 (96); (iii) other less-well defined mechanisms also contribute to
differential expression. For example, quantitative differences, primarily within a set of ~300
tRNA genes, were observed in mouse tissue development (97). Nutrient limitation in both
yeast and human cells shows selective effects on Pol 11 occupancy/transcription (95, 98).
Serum starvation of human fibroblasts results in dramatic reductions in Pol 111 occupancy for
a large majority of Pol Ill-transcribed genes. These changes are dependent on MAF1 and are
strongly correlated with substantially lower levels of nascent transcripts, measured by
ethynyl uridine pulse-labeling and deep sequencing. However, a group of 49 genes that have
generally high Pol 111 occupancies were found to be relatively resistant to serum starvation
and only moderately sensitive to Mafl knockdown. Most tRNA isotypes are represented in
this group along with genes containing type I11 promoter elements. Similar findings have
been made in yeast using in vivo crosslinking and analysis of cDNA (CRAC) to examine
nascent Pol 111 transcripts following a switch from glucose medium at 30°C to glycerol
medium at 37°C (98). A continuum of sensitivity to repression by Mafl was found and a
group of low responsive genes was identified. As in humans, many but not all of the genes in
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this group were strongly expressed under optimal growth conditions. Together these studies
suggest that a small number of Pol IlI-transcribed genes are relatively protected from
repression under acute stress conditions and thus may serve a maintenance function,
ensuring a low basal level of Pol Il output during the stress response. The mechanisms that
determine the differential sensitivity to repression are presently unknown.

POST-TRANSCRIPTIONAL REGULATION OF TRNA FUNCTION

As the largest class of Pol Il transcripts, tRNAs have been well-studied with regard to the
steps required to generate functional molecules. Each nascent tRNA transcript is subject to
multiple processing steps: 5° leader and 3 trailer extensions are cleaved by RNase P and
RNase Z respectively, introns (where present) are removed, CCA is added to the 3" end and
multiple nucleotide modifications are introduced prior to aminoacylation and function in
translation (99). Many of these steps are regulated by stress and nutrients (89) and aberrantly
processed and unmodified tRNAs are degraded by nuclear and cytoplasmic RNA
surveillance pathways (100)(Figure 3). Despite the complexity of signaling to regulate tRNA
transcription and the competing dynamics of processing and degradation to generate mature
tRNAs, the total amount of mature tRNA remains relatively stable under acute stress (82).
However, in response to a variety of cell stresses tRNAs accumulate in the nucleus (99),
become differentially modified (101), are rapidly clipped at the 3’-end to remove CCA (102)
and are cleaved in the anticodon loop and elsewhere to generate tRNA half-molecules and
tRNA-related fragments (tRFs). These novel tRNA-derived products represent new classes
of non-coding RNAs with emerging regulatory roles (102, 103).

Regulation of tRNA maturation and transport

High-resolution transcriptome studies indicate that a significant fraction of nascent tRNA
transcripts are degraded prior to processing and maturation. Pulse-chase experiments show
that approximately 50% of the precursor tRNAs synthesized in unstressed wild-type yeast
cells growing in nutrient-replete conditions are degraded by the nuclear exosome and
therefore do not contribute to the mature tRNA pool (104, 105). Thus, a kinetic competition
appears to exist between tRNA processing and the nuclear RNA degradation pathway (106).

Recent reviews detail the many steps in tRNA processing that are subject to stress and
nutritional regulation (89, 99). The essential RNA component of RNase P is transcribed by
Pol Il in both yeast (RPR1) and mammals (RppH1). Rprl and RppH1 synthesis is subject to
Mafl-mediated repression (95; Moir and Willis, unpublished data) and thus may limit tRNA
production under some conditions. 3’-end maturation of tRNA is more complex requiring
endonuclease cleavage by RNaseZ, the stabilizing functions of La protein bound to the 3’
terminal oligo U stretch in the nascent transcript and addition of CCA nucleotides to the
mature end. Other exonucleases (Rex1 and Rrp6, the latter functioning independently of the
exosome) and the nuclear Lsm2-8 complex also contribute to 3”-end maturation in
competition with degradation by the RNA nuclear surveillance pathway (107, 108). In
higher eukaryotes, the La protein is phosphoregulated in response to growth conditions and
is subject to proteolysis in response to DNA damage (89). In yeast, the activity of both Rex1
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and Ccal (the CCA addition enzyme) become limiting in unfavorable growth conditions
(109, 110).

Cytoplasmic tRNAs are constitutively transported from the cytoplasm back into the nucleus
under normal growth conditions by the retrograde nuclear import pathway (89, 99, 111). In
yeast, this pathway is required for pre-tRNA splicing, wybutosine modification of tRNAPhe
and nuclear degradation or repair of a subset of tRNAs. In its absence, the translation of
numerous proteins involved in amino acid biosynthesis is compromised. tRNAs also rapidly
accumulate in the nucleus of both yeast and mammalian cells in response to nutrient
deprivation (89). In yeast, two karyopherins, Los1 and Msn5 (homologs of exportins T and
5, respectively) directly bind and transport tRNAs out of the nucleus. The function of these
proteins is differentially regulated by a range of cell stressors and nutrients and results in
their relocation to the cytoplasm where they are unable to access their nuclear cargo (89).
How different signaling pathways induce the relocalization of these proteins in unknown. It
is also unclear whether tRNA import is constitutive and only tRNA export is regulated by
growth conditions, or whether both import and export are regulated.

tRNA modifications: dynamic consequences for structure and function

Nucleoside modifications on tRNA are abundant and varied with chemically distinct
modifications identified at multiple positions. In general, modifications in the D and T arms
contribute to tRNA folding and stability of the tertiary structure while modifications in and
around the anticodon loop contribute to coding accuracy, wobble-base recognition and
reading frame fidelity through stabilization or increased flexibility in codon-anticodon base-
pairing (101, 112, 113). Hypomaodified tRNAs can be subjected to a second cycle of CCA
addition, or polyadenylated and then degraded by the tRNA quality control surveillance
machinery (100). tRNA modifications in otherwise sequence-identical isoacceptors can be
both heterogeneous and substoichiometric (114). The modification enzymes themselves can
be limiting for function (115) and combinations of non-essential modifications can stabilize
specific tRNAs and protect them from degradation (116).

tRNA modifications are dynamically controlled in response to environmental conditions and
stress (82, 89, 101, 113, 117). Chemicals that induce mechanistically different stress
responses generate global tRNA modification patterns that are unique and specific for each
chemical. Modifications vary throughout the yeast cell cycle (113), between tumor and
adjacent normal human tissue and are more abundant in proliferating human cell lines than
in human tissue (118). Alterations in tRNA modification profiles have been shown to shift
translation towards the expression of codon-biased genes required for specific cellular
responses and to limit codon-specific translational pausing by altering wobble base
modifications (113). Hydrogen peroxide treatment of yeast produces a global elevation of
m5C, 2’-O-methylcytidine (Cm), and N2,N2-dimethylguanosine (m2,G) modifications and
deletion of the enzymes that catalyze these modifications results in hypersensitivity to
peroxide stress (113). Moreover, the peroxide-induced increase in m5C modification at the
wobble position in tRNALEUCAA results in the selective expression of UUG codon-enriched
mRNAs (119). Proteins involved in translation were overrepresented in this group and
included the UUG codon-biased RP gene RPL22A, but not its unbiased paralog RPL22B.
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Since the enzyme responsible for m5C modification (Trm4) and RPL22A were required for
the normal response to oxidative stress, the findings link the protein composition of the
ribosome with differential translation during the stress response. How or whether the activity
of Trm4 is increased by hydrogen peroxide or unmethylated C34-containing tRNALSUCAA
is specifically targeted for degradation or cleavage is not known. In another example, DNA
damage-induced 7RM9-dependent increases in wobble mem®U modifications of
tRNAAYUCU and tRNACINUUG are associated with enhanced translation of stress response
proteins enriched with AGA and GAA codons (113). Similarly, in mammalian cells, a
TRM%like methyltransferase (Alkbh8) induced by reactive oxygen species (ROS) is
required for wobble uridine modifications of selenocysteine tRNA that increase its
translational efficiency and enhance the expression of selenocysteine-containing proteins
involved in ROS detoxification (113).

Recently, ALKBH1 was identified as a demethylase for N1-methyladenosine (m1A), a
modification present in most tRNAs at position 58 (120). Induction of ALKBH1 expression
by low glucose in HeLa cells reduces translation initiation and elongation by decreasing the
levels of tRNAiMet and reducing the affinity of numerous tRNAs for the elongation factor
eEF1A, respectively. In sum, tRNA modifications can be dynamically placed and, in some
cases removed, allowing fine-tuning of translation in response to environmental and stress
conditions.

Regulating the functional tRNA pool and generating tRNA second messengers

The CCA termini present on all matured tRNAs can be rapidly removed in response to
oxidative stress by the action of Angiogenin (ANG), a vertebrate-specific protein with weak
RNase activity (102). Removal of CCA offers the potential for reversible inhibition of
translation since the 3"-end can be repaired to restore tRNA aminoacylation and translation
(82). ANG and its functional homolog in yeast, Rny1, also cleave a small fraction of mature
cytoplasmic tRNA in the anticodon loop. This conserved response to a variety of cell
stresses generates 5'- and 3"-tRNA half molecules (121-125). ANG abundance is regulated
by stress-responsive transcription, the protein relocalizes from the nucleus to the cytoplasm
under stress and its activity is controlled by binding of an inhibitor, RNH1 (126). The
mechanism by which Rny1 accesses its substrates, whether by Rny1 relocalization from the
vacuole or by targeting tRNA to the vacuole has not been resolved (127-129).

tRNA halves can also be detected in the absence of overt stress (127, 130). For example, 5’-
tRNA halves derived from tRNACYGCC are especially abundant in human plasma and urine
(131), in mouse blood cells and in hematopoietic tissues where their profile is age-dependent
(130). Mammalian sperm are enriched for 5’-tRNA halves, particularly tRNAC!U and
tRNACGW (132, 133). Shorter tRNA fragments have also been identified that map to the 5’-
and 3’-ends of mature and pre-tRNAs and internal sequences (134).

tRNA halves and tRFs do not appear to be debris from tRNA degradation pathways: The
patterns of tRNA cleavage vary with the type and intensity of stress and they are
increasingly connected to specific cellular processes (135). Respiratory syncytial virus
(RSV) infection, but not all virus infections, leads to elevated levels of 5'-tRNA halves, a
subset of which (tRNASNCTC, tRNACYCCC and tRNALYSCTT) promote RSV replication
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(136)(137). tRNA half molecules (SHOT RNAS) are also elevated in estrogen receptor-
positive breast cancer and androgen receptor-positive prostate cancer cell lines where they
are thought to be produced in response to sex hormone-signaling pathways. These 5’- and
3’-halves possess a 2°,3" cyclic phosphate and an amino acid at the 3"-end, respectively,
indicating ANG cleavage of mature aminoacylated tRNA (138). The 5’-tRNA halves of
tRNALYSCUU and tRNAHISGUG in these cancer cell lines are implicated in promoting cell
proliferation.

ANG-mediated tRNA cleavage induced by stress or treatment of cells with recombinant
ANG reduces global protein synthesis and enhances stress granule (SG) formation to
promote cell survival (126). These effects are attributed to a subset of tRFs (5"-tiRNAA!2 and
5’-tiIRNACYS) with a critical 5"-oligoguanine motif that (i) displace the elF4F cap-binding
complex from the 5”-end of MRNASs, thereby inhibiting initiation of translation, and (ii)
interact with the translational repressor, YBX1, for packaging of tiRNA-inhibited mMRNAs
into SGs. YBX1 also features in the function of tRFs induced by hypoxia in breast cancer
and normal cells (139). In this study, stress-induced cleavage of several tRNAs produced
internally truncated tRFs that retain the anticodon stem and loop. These tRFs were found to
compete with endogenous oncogenic transcripts for YBX1 binding, resulting in mRNA
destabilization, loss of gene expression and suppression of growth, invasion and metastasis.
5’-tRFs in mouse sperm have been associated with intergenerational inheritance of gene
expression and metabolic phenotypes. Male mice fed low protein or high fat diets exhibit
changes in the profile of tRFs in their sperm. When tRFs from the sperm of high fat fed mice
are injected into normal zygotes, the F1 offspring are glucose intolerant after weaning and
dietary challenge (140) and gene expression changes are seen in early embryos and in islets
of the F1 mice. Similar experiments with sperm tRFs from mice fed a low protein diet were
found to cause repression of embryonic gene expression regulated by the LTR of the
endogenous retroelement MERVL (132). Together these studies identify tRFs as a paternal
epigenetic factor.

METABOLIC IMPACT OF TRANSCRIPTION BY POL Il

In yeast, there is general agreement that the regulation of ribosome and tRNA synthesis is
critical for metabolic economy and cellular fitness (141-143). In line with this, recent
studies in mice have found that a failure to appropriately repress Pol | or Pol 111 transcription
is energetically wasteful and results in the expenditure of metabolic energy that would
otherwise be stored as fat. Thus, defective repression of Pol | transcription seen in a liver-
specific knockout of nucleomethylin, a subunit of the energy-dependent nucleolar silencing
complex (eNoSC), is associated with resistance to diet-induced obesity and non-alcoholic
fatty liver disease (144). These phenotypes are also seen in mice with a whole body
knockout of Maf1 (10).

Current work on the mechanisms by which loss of Maf1 leads to a lower body weight and a
lean phenotype has identified three contributing factors: Reduced food intake, reduced
metabolic efficiency and a slightly smaller body size (10). The food intake phenotype, a
10-15% reduction (normalized for body weight) in the MafZ KO has not been explored. The
difference in the overall growth rate, which is apparent in the body length of animals at >6
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months of age, may be due in part to a small decrease in global translation. Data supporting
this conclusion include in vivo puromycin-labeling of nascent liver polypeptides and
ribosome profiling (Bonhoure et al. submitted). Notably, mRNAs containing 5’ -terminal
oligopyrimidine (TOP) sequences, which are characteristic of ribosomal and other proteins
involved in protein synthesis, were among a group of mRNAs whose translation efficiency
was significantly reduced in MafI KO liver. The mechanism(s) responsible for these
translational effects have yet to be determined.

A major factor contributing to the lean phenotype of MafZ KO mice is thought to be their
inefficient metabolism (10). At a whole body level, this is demonstrated by the reduced
ability of Mafl KO mice to convert calories into biomass under paired-feeding conditions
(i.e. normalized food intake) and by the increased energy expenditure of the mice which are
not more active than wild-type mice. Thus, Mafl KO mice have an intrinsically greater
demand for metabolic energy. Experiments show that this demand is satisfied without
affecting glucose homeostasis or insulin sensitivity by increased lipolysis in white adipose
tissue (WAT) and increased autophagy and lipophagy in liver (10). These processes provide
fatty acids and amino acids for oxidative metabolism and other key reactions (Figure 4).
Targeted metabolite profiling shows that the levels of many amino acids are elevated in Maf1
KO liver and muscle while the levels of many long acylcarnitine species are dramatically
reduced in liver, consistent with increased p-oxidation (10; I. Willis, unpublished data).

What is driving enhanced catabolism in these mice? Pol Il transcriptome profiling in WAT
and liver of wild-type and MafZ KO mice reveals few differences and provides no real clues
to the mechanism (10; Bonhoure et al. submitted). Moreover, changes in the expression of
specific Pol 11 genes that have been noted in cultured cells following MafI knockdown and
overexpression (e.q. 7hp, Egrl, Pten, Fasn, Accl) are not seen in Maf1 KO transcriptome or
ribosome profiling data (see Johnson and Stiles (74) for further discussion of these changes).
In contrast, short-lived precursor tRNAs, which reflect Pol 111 transcription, are elevated
~3-10 fold across a range of MafZ KO tissues in the fasted state (10). Similar dramatic
increases in precursor tRNAs are seen in the same tissues in the fed state with the exception
of liver where the increases are lower (Bonhoure et al. submitted). However, in both fed and
fasted liver, the vast majority of active Pol Il loci exhibit significantly higher occupancy by
Pol 111 in the Mafi KO (145; Bonhoure et al. submitted). Similar findings have been
obtained in independent Pol 111 ChIP-seq experiments conducted in mouse liver throughout
the diurnal cycle (60). Together these data support and extend a conclusion drawn recently
from studies of MafZ-dependent regulation and serum starvation in IMR90hTert cells (95):
MAF1 functions chronically during cell growth in serum-replete conditions and throughout
feeding-fasting and diurnal cycles in mouse tissue to significantly limit Pol 111 transcription.

Considering that Pol Il transcription is chronically elevated in virtually all cells in MafZ KO
mice, it is especially striking that the level of total mature tRNA in numerous tissues as well
as individual mature tRNAs are not significantly altered (10). Thus, the increased synthesis
of tRNA (and likely other Pol 111 transcripts) in the knockout must be largely matched by
increased RNA turnover. These observations form the basis of the hypothesis that a futile
cycle of RNA synthesis and turnover drives energy expenditure in Mafl KO mice (10)
(Figure 4). A key prediction of this hypothesis is that wasteful metabolism due to
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unrestrained transcription by Pol 111 must be sustained by increased nucleotide synthesis. To
achieve this, the flux of metabolites through central metabolic pathways is expected to
change since nucleotide concentrations in cells are robustly maintained in a relatively narrow
range, largely through allosteric mechanisms (146). Thus, changes are expected in the
concentrations of some of the metabolites in the affected pathways (147). Remarkably,
targeted profiling identified 43 significantly altered metabolites at the interface of glycolysis
and the TCA cycle, in the urea cycle and the pentose phosphate pathway as well as de novo
nucleotide synthesis and nucleotide turnover pathways, including known rate-limiting
intermediates and allosteric regulators (I. Willis, unpublished data). These findings
demonstrate the capacity of Pol 111 transcription to reprogram metabolism and support the
concept of futile cycling of Pol 111 transcripts as a mechanism for achieving metabolic
inefficiency.

CONCLUDING REMARKS

The control of Pol 111 transcription and the downstream processing and function of its
transcripts by nutrient and stress signaling pathways plays a vital role in determining cellular
phenotype. Indeed, current work suggests that manipulating Pol 111 transcription and the
functions of its non-coding RNA products has the potential to alter outcomes in cancer and
metabolic disease. However, as we have noted throughout this review, there are still many
areas where our knowledge, especially of the regulatory mechanisms, is limited. The
ongoing challenge will be to develop our understanding in these important areas while
considering how to exploit opportunities for possible therapeutic intervention.
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TERMS AND DEFINITIONS

TORC1: Multi-subunit TOR kinase complex that regulates cell growth by
nutrients, growth factors, energy, redox and diverse cellular stresses.

PTEN: Lipid phosphatase and tumor suppressor that limits
phosphatidylinositol-3,4,5-trisphosphate (PIP3) levels to negatively regulate AKT
signaling.

AKT: Serine/Threonine protein kinase activated by phosphatidylinositol-3-kinase
and phosphoinositide-dependent kinase 1 for control of cell survival and pro-
growth signaling.

Lsm2-8 complex: the protein chaperone complex for the Pol I11-transcribed U6
SnRNA.

SINE: Short Interspersed Nuclear Element, an abundant retrotransposon evolved
from Pol Il1-transcribed genes that encoded tRNA, 5S RNA or 7SL RNA.

PKA: Protein kinase A, activated by cAMP, regulates cell growth in yeast in
response to glucose.
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THE POL Il TRANSCRIPTION MACHINERY

Pol 11 transcription of tRNA genes requires a six-subunit assembly factor (TFIIIC) for
binding to intragenic A and B block promoter elements and a three-subunit initiation
factor (TF111B) comprising the TATA box-binding protein TBP, the TFIIB-paralog Brfl
and Bdpl. TFIIIB is stably assembled onto DNA upstream of the transcription start site
and recruits the 17 subunit polymerase (148). Preinitiation complex assembly on 5S RNA
genes employs a different intragenic promoter architecture, requiring an additional factor
(TFHIA) to direct the binding of TFIIIC. A third class of Pol Il promoters found in
metazoans utilizes upstream rather than intragenic sequence elements and replaces
TFIHIA and TFIHC with SNAPc for initiation complex assembly. SNAPc-dependent
genes utilize a different TFIIB-paralog, Brf2, in the initiation factor (149, 150). Pol IlI
contains a ten-subunit catalytic core found in all nuclear RNA polymerases plus
additional sub-complexes and protein domains that have structural and functional
homology to general transcription factors for Pol Il (151). The core subunit Rpcl11,
similar to TFIIS, has intrinsic RNA cleavage activity for error-correction and is required
for facilitated reinitiation (30). The Rpc37/53 subunits are related to TFIIF and contribute
to promoter opening, Pol Il termination and reinitiation via interactions with Rpc11 (17,
32). The Rpc82/34/31 subcomplex, related to the Pol Il initiation factor TFIIE, is
positioned over the clamp domain of the largest core subunit, Rpc160, and functions in
polymerase recruitment through interactions between Brfl and Rpc34 (17, 152). Pol Il
transcription elongation is slowed by the Rpc37/53/11 subcomplex to facilitate
termination through interactions of Rpc37 and the non-template strand within an
oligo(dT) terminator sequence (33).

Annu Rev Biochem. Author manuscript; available in PMC 2019 June 20.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Willis and Moir Page 29

Nutrients -------- > p ---------- Stress
L
oD Qe

Pol II1

TFITIB
Pol 111

Figure 1.
Signaling to the RNA polymerase 111 system in yeast. The scheme shows the known

signaling kinases that mediate the response to nutrients and stress and their targets. Kinases
that function to promote or repress transcription are shown in green and red ovals,
respectively. Direct and indirect interactions/effects are represented by solid and dashed
lines, respectively. Surface models of human Mafl (red) and the yeast Pollll-Mafl complex
(15) are shown. Pol 111 is depicted on a tRNA gene with Maf1 positioned according to
Vannini et al. (15). Large arrows indicate alternate fates of Pol 11l at the terminator, i.e.
Mafl-resistant recycling or dissociation from the DNA. Dephosphorylation of Maf1 is
known to involve PP4 and PP2A (not shown). Rpc53 phosphorylation by Knsl and Mck1 is
represented targeting free Pol 111, but could also occur on the transcribing polymerase.
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Figure 2.
Structures of yeast Pol I11. A Pol 111-Maf1 complex. The 18.5A resolution map (EMD-1755)

is presented in the front view (15). The 4.7A cryoEM structure of apo Pol 111 in the open
form (17) was fitted into the envelope of the Pol I11-Mafl complex using Chimera. After
fitting, 1806 out of 38434 atoms remained outside the contour. The DNA binding cleft
comprising Rpc160 (red) and Rpc128 (blue) is viewed from the perspective of downstream
DNA with the Wall in the rear. CryoEM difference density attributed to Maf1 (15) is shown
in the oval (red) and lies behind the ribbon structure of Rpc34 (green) which is entirely
outside the envelope in this fit. Rpc53/37 (yellow) and Rpc25/17 (purple) are shown for
orientation. B and C. CryoEM structures of apo and elongating Pol I11 forms indicate
mobility of the Rpc11 C-terminal zinc-binding domain. The Rpc53-Rpc37 subcomplex is
positioned on the lobe of Rpc128. The two zinc ribbon domains of Rpcl1 in the apo
structure are connected by a linker (dashed line) which was not resolved. Density
corresponding to the C-terminal domain of Rpcl11 and the linker are missing in the
elongating complex. Density for Rpc53 begins at K274 as shown. Photocrosslinking data
place the Rpc53 phosphosites at amino acids 224, 228 and 232 within reach of Rpc160 and
Rpc128, predicted to be within the oval. It is proposed that phosphorylation of these sites
may affect the dynamics of the Rpc11 linker and its C-terminal zinc ribbon domain.
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Figure 3.
Regulation of tRNA biosynthesis and function. The steps in tRNA biogenesis from

transcription to function in translation are listed. Steps known to be inhibited or altered by
nutrients and/or stress are indicated along with processes known to be subject to tRNA
quality control/ surveillance and RNA turnover.
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Figure 4.
Schematic model of metabolic inefficiency in Mafl KO mice. A futile cycle of Pol 11l

transcription and RNA turnover is thought to reprogram central metabolism as outlined in
the text. Arrows indicate how metabolic processes and select metabolite levels are changed
in Maf1 KO liver. Increased ATP synthesis to power de novo nucleotide synthesis is thought
to result from increased flux through the TCA cycle.
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