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Abstract

RNA synthesis in eukaryotes is divided among three RNA polymerases (RNAP). RNAP III 

transcribes hundreds of tRNA genes and fewer additional short RNA genes. We survey recent 

work on transcription by RNAP III including an atomic structure, mechanisms of action, 

interactions with chromatin and retroposons, and a conserved link between its activity and a tRNA 

modification that enhances mRNA decoding. Other new work suggests important mechanistic 

connections to oxidative stress, autoimmunity and cancer, embryonic stem cell pluripotency, and 

tissue-specific developmental effects. We consider that, for some of its complex functions, 

variation in RNAP III activity levels lead to nonuniform changes in tRNA pools that can shift the 

translation profiles of key codon-biased mRNAs with resultant phenotypes or disease states.

RNA polymerase III empowers tRNA genes as individual genetic units

Unlike bacteria and archaea, eukaryotes divide RNA synthesis among three RNA 

polymerases (RNAPs). RNAP I synthesizes large ribosomal RNA (rRNA). RNAP II 

synthesizes thousands of mRNAs and numerous noncoding RNAs (ncRNA). RNAP III 

uniquely synthesizes only short RNAs, most of which are tRNAs, but also include 5S rRNA, 

U6 snRNA, the short ncRNA component of RN'ases P, the mitochondrial RNA processing 

(MRP) RNA, the signal recognition particle SRP RNA [1], and in higher eukaryotes a 

number of micro and other small RNAs [2]. Plants also contain RNAPs IV & V, which are 

specialized homologs of RNAP II [3]. In contrast to bacteria, which have polycistronic genes 

that contain multiple tRNAs together with rRNA, eukaryotic tRNA genes are monocistronic 

(rare tRNA-tRNA dicistronics exist) and exclusive synthesis by RNAP III affords their 

independent transcriptional control. However, while tRNA gene occupancy by transcription 

factors in growing yeast is more or less uniform and their synthetic output is thought to be 
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uniformly high, animals exert some tRNA gene-specific expression that is poorly understood 

and likely reflects local chromatin effects and cell type-specificity [4].

RNAP III activity is linked to posttranscriptional modification of specific tRNAs, which 

activates them for codon-specific mRNA decoding [5]. Because of wobble decoding most 

eukaryote genomes require tRNA genes for only 42 or so isoacceptors, although the gene 

copy number for each of these can vary widely in any given species [6]. Some yeasts and 

other single cell eukaryotes exhibit good correlation between tRNA gene copy number and 

cellular tRNA abundance, which is harmonized with translation efficiency and fidelity for 

their mRNAs [7]. However, data from higher eukaryotes suggest that different subsets of 

tRNA genes are active in different cell types [4].

Altering the relative amounts of different tRNAs can affect translation generally as well as 

the hierarchical translation efficiency of individual mRNAs that bear different codon biases. 

For such mRNAs, the relative abundances of tRNAs can determine ribosome pausing and 

protein folding apart from general translation efficiency [7]. The control of tRNAs as 

independent units of expression holds potential for differential mRNA translation. tRNAs 

have a unique type and range of influence on the expression of genetic information. Because 

the gene copy numbers for different tRNA isoacceptors are highly variable among and even 

within species [8–10], they should be considered as dynamic genetic elements that influence 

phenotype.

That tRNA genes are independent units not only provides genomes with the potential to 

adapt to novel translational demands, but also with a stable transcription machinery that has 

chromatin-organizing and replication-associated genome integrity activities [11–13]. A 

theme of this survey is that the RNAP III system provides potential for differential control 

that could theoretically coordinate tRNA supply with codon demand during growth, stress 

and differentiation.

Upstream and internal promoters differentially control class III genes

For most RNAP III transcribed genes, which are referred to as class III genes, a three-

subunit TFIIIB complex containing TATA binding protein (TBP), TFIIB-related factor-1 

(Brf1), and B" (B double prime, Bdp1) recruits RNAP III and directs its initiation. 

Depending on the class III gene type, 1, 2 or 3, other factors, TFIIIA, TFIIIC or SNAPc, 

bind sequence-specific promoter elements, and guide TFIIIB onto upstream DNA which 

directs initiation [14] (Fig. 1). TFIIIC is a 6-subunit complex that recognizes the internal 

promoter elements of tRNA genes, the A and B boxes (Fig. 1). In chromatin, TFIIIC exhibits 

plasticity as it accommodates a range of distances between the A and B box, and the B box 

and terminator [15]. High resolution structures reveal how the TFC4 subunit of TFIIIC 

interacts with Brf1 and Bdp1 to recruit TFIIIB [16].

Higher eukaryotes have further distinguished the tRNA and 5S rRNA genes from the type 3 

promoter genes such as those encoding RNAs U6, 7SK, RNAse P, MRP and others [14]. A 

related feature is that while the tRNA genes are self-contained and potentially susceptible to 

repression by chromatin, type 3 genes include extensive upstream control regions, including 
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a proximal sequence element (PSE) occupied by the multisubunit SNAPc, and a distal 

sequence element (DSE) occupied by transcriptional activators ZNF143 and POU2F1 (also 

known as Oct-1 and SBF) [17] (Fig 1). This wiring and activator involvement may render 

type 3 genes more refractory to tissue-specific and chromatin-mediated repression than some 

tRNA genes. In addition, Brf2 replaces Brf1 in TFIIIB for these type 3 promoters [17] (Fig. 

1). Both Brf1 and Brf2 make contact with initiation-specific subunits of RNAP III. 

Moreover, Brf2 is a critical factor in an oxidative stress response that is mediated by a 

special tRNA[Ser]Sec that inserts the amino acid selenocysteine (sec) in a small set of 

mRNAs that share a reprogrammed UGA codon. The resulting selenoproteins are involved 

in oxidative stress and oxidative chemistry [18].

High resolution structure of RNAP III clarifies function

A major advance in understanding RNAP III came from three recent structures [19]. Two of 

these are different conformers of the 17-subunit enzyme at 4.6 and 4.7 Å that differ in the 

relation of the stalk, which is formed by initiation-important subunits, C17 and C25, to the 

trimeric initiation subcomplex proper, formed by C82, C34 and C31. The two conformers 

likely reflect different states of the initiation process [19]. The third structure, at 3.9 Å, is in 

elongation mode with a RNA:DNA hybrid in the active center and downstream duplex DNA 

in the cleft. This shows how the C82/34/31 subcomplex packs on the C1 clamphead to aid 

duplex DNA binding and shows interconnectivity between the subunits C53/C37 and C11, 

which form the termination-reinitiation subcomplex, with each other and other motifs [19].

More remarkably, the complex revealed unusually tight binding of the downstream DNA and 

unusually loose binding of the RNA:DNA hybrid in the active center. The authors noted that 

these differences reflect on the specialization of RNAP III to acutely respond to the weak 

oligo(rU:dA) hybrid that is formed prior to termination [19]. The enlightening structures are 

supported by existing biochemical and genetic data [20], and suggest that RNAP III 

termination is more sensitive to active center mechanisms than are other RNAPs. They are 

also supported by functional data indicating elongation rate as a major determinant of RNAP 

III termination and transcription output [21]. Other termination features are detailed below.

Tracking RNAP III termination

In order to supply cells with ten times more tRNAs than ribosomes, RNAP III must initiate 

and terminate with high efficiency [22], and this is enabled by proficient recycling [23]. That 

RNAP III can terminate efficiently at a simple tract of oligo-T (on the nontemplate DNA 

strand) while homologous RNAPs require additional cis-acting elements and/or ancillary 

factors, had been enigmatic [24]. Two recent studies provided new insights into this. 

Biochemical analysis revealed that the oligo-T terminator contains more information than 

expected [25], and the new RNAP III structures indicate a relatively loose RNA:DNA hybrid 

binding in the active center [19].

The unusually weak thermodynamic stability of oligo(rU:dA) that forms upon transcription 

of the template strand of the terminator element is destabilizing to RNAP complexes [26]. 

Yet, this alone is insufficient for RNAPs that bypass simple oligo-T tracts [27]. Recent data 
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suggest that the unpaired oligo-T nontemplate strand carries sequence-specific information 

that directs a novel termination pathway [25]. Moreover, the sequence of the nontemplate 

DNA appears to work primarily via the Rpc37 subunit of RNAP III, explaining in part the 

elongation-slowing effect of this subunit during termination [25]. Thus, the RNAP III oligo-

T termination signal contains separate information in each strand that combine to execute 

termination [25].

High resolution TFIIIB structure predicts new function

Around the same time that the RNAP III structure appeared, so did one for a human TFIIIB-

Brf2 complex which led to new insights into an oxidative stress response via Brf2, 

tRNA[Ser]Sec, and cancer. It was known that Brf1 and Brf2 are differentially expressed in 

cancers [28] and that Brf2 appears to be oncogenic in lung, where its increased levels 

indicate poor prognosis [29, 30].

In higher eukaryotes, tRNA[Ser]Sec is the only tRNA gene known to have a type 3 Brf2-

dependent promoter [14, 18]. Selenocysteine is encoded by a UGA codon in particular 

mRNAs involved in oxidative stress and metabolism [31]. Translation of these mRNAs share 

dependence on the specialized tRNA[Ser]Sec (Fig 2A), providing a unique transcriptional 

control mechanism.

Cysteine is an oxidizable amino acid that can act as a redox sensor [18 and refs therein]. The 

recent structures of Brf2-DNA revealed that its cysteine-361 interfaces with the type 3 

promoter DNA [18]. Oxidation of C361 inhibits formation of the TFIIIB-DNA complex, 

acting as a redox switch [18]. Such down-regulation of tRNA[Ser]Sec leads to decreased 

selenoprotein production. As noted by Vannini and coworkers, Brf2-oxidation-mediated 

regulation of tRNA[Ser]Sec has important implications for cancer [18].

This link between a specific tRNA and a set of mRNAs serves as an example for how 

translation of a group of mRNAs can be titrated by the expression levels of particular 

cognate tRNAs that distinguish specific codons [7]. As another example, work from Begley 

identified a set of mRNAs that share biased use of two codons whose decoding is mediated 

by and coupled to the wobble base modification differences in two cognate tRNAs [32, 33] 

(Fig 2B).

Maf1 regulates RNAP III: metabolic economy and tRNA activity

Maf1 is a repressor of RNAP III whose effects are analogous to decreasing the available 

amount of active RNAP III [34]. Thus, Maf1 regulation affects the ability of RNAP III to 

actively engage pre-existing transcription initiation complexes.

Growing cells use significant energy, in the form of NTPs, to make tRNAs [22]. Growth 

support by RNAP III is critical to cancer [35] as oncogenes such as MYC activate, while 

tumor suppressors Rb and p53 repress, RNAP III [36, 37]. Under certain starvation 

conditions, Maf1 repression of RNAP III curtails tRNA synthesis [34, 38, 39]. Maf1 

expression can decrease growth and tumor progression in some settings [40]. Maf1 is under 

control of the target of rapamycin (TOR) kinase [22, 34], which integrates various stimuli to 
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maintain growth and homeostasis [41]. Upon deletion of Maf1 in otherwise normal mice, the 

increased RNAP III activity produces excessive pre-tRNAs but mature tRNA levels do not 

increase. The maf1-null mice fail to gain weight apparently due to general metabolic 

inefficiency, suggesting that the purpose of the tRNA synthesis-repressive function of Maf1 

is to support metabolic economy [39].

Though Maf1 should repress tRNA transcription and effect expression of mature tRNAs 

globally, initial observations in maf1-mutant yeast suggested a more complex situation as 

revealed by a phenotype known as paradoxical 'antisuppression' [42, 43]. In this case the 

strain contained a suppressor-tRNA gene whose expression suppresses a premature stop 

codon in a mRNA whose translation into a synthetic enzyme is followed by a simple 

colorimetric assay. However, upon mutation of MAF1 and global increase in tRNA 

synthesis, the suppression phenotype was paradoxically decreased. Nonuniform differences 

in tRNA gene transcripts were indeed detected, pre-tRNAs with introns accumulated more 

than other pre-tRNAs in maf1-deleted cells due to limiting capacity of tRNA splicing and 

associated machinery [44, 45].

RNAP III activity rate is linked to a functional tRNA modification

The 'maf1-antisuppression paradox' was explained by a posttranscriptional tRNA 

modification that is inversely linked to overall RNAP III activity and that enhances the 

specific activity of tRNA for mRNA decoding [5] (Fig. 2C). Similar to exceeding the 

capacity of tRNA splicing machinery, synthesis of the tRNA modification, dimethyl-

guanosine-26 (m2
2G26), becomes limiting as tRNA transcription increases. The study used a 

novel method, tRNA-HydroSeq, to monitor tRNAs and their modifications. While the levels 

of the suppressor-tRNA were elevated in maf1-mutant cells, its specific activity was low due 

to hypomodification of m2
2G26, with consequent codon-specific effects on mRNA 

translation [5]. Trm1, the G26-methyltransferrase, is limiting in cells and the increase in 

tRNA transcription in maf1 mutants overwhelms its modification capacity [5] (Fig 3A–B, 

tRNA asterisks). Accordingly, over-expression of Trm1 reversed the antisuppression 

phenotype. This was shown in divergent yeasts with different tRNA isoacceptors and each 

had its codon-specific effects on mRNA translation. Interestingly, several of the other tRNA 

substrates of Trm1 also revealed changes in their m2
2G26 modification content, including in 

varying growth conditions [5]. Thus, increases and decreases in overall RNAP III activity 

leads to nonuniform alterations of relative tRNA activities with consequent effects on 

translation (Fig 3B–D).

This link between RNAP III activity and nonuniform changes in tRNA activities was shown 

to have been conserved through eukaryotic evolution [5]. Other conditions that alter RNAP 

III activity, including stimulation, repression and/or mutation, may have similar effects.

RNAP III mutations cause tissue- and disease-specific disorders

As noted earlier, chromatin modification as well as RNAP III and factor occupancy studies 

suggest cell-type specific transcription of tRNA genes in isolated cells from higher 

eukaryotes [4, 46–48]. In animals, there are relatively few but well documented cases of 
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tissue-specific control of type 2 promoters. A most recent example is the n-Tr20 gene which 

produces a tRNAArgUCU species only in brain and other parts of the central nervous system 

(CNS) [49] although the mechanism involved in its selective expression is unknown. Most of 

the other cases come from specialized silk glands of silk worms and frog oocytes [50–52]. 

For these, the differential expression patterns appear to reflect unique binding sensitivities of 

the tissue-specific class III genes to TFIIIB or TFIIIC [50, 52]. Because the more recent 

studies suggest that different subsets of tRNA genes are active in different isolated cell types 

[4] that are not expected to differ significantly in RNAP III, TFIIIB or TFIIIC levels, we 

should also suspect that differential chromatin organization may be a determinant (Fig. 3A).

Mutations in RNAP III subunits are linked to tissue-specific defects. In human, a relatively 

large number of variant alleles encoding the two largest RNAP III subunits, Rpc1 and Rpc2, 

contain 'mutations' causative of CNS hypomyelinating leukodystrophy (HLD) [53–56] (Fig 

4). Similarly in Zebrafish, mutations in Rpc2 cause a digestive and neurodevelopmental 

disorder [57]. In addition, mutations in the TFIIIB-1 subunits BDP1 and BRF1 reportedly 

cause hearing and neurodevelopmental disorders, respectively [58, 59] (BDP1 is also a 

subunit of TFIIIB-2).

Although RNAP III mutations that reduce RNAP III activity may be most manifested in 

tissues with the most proliferative cells [60] this may not explain the observed sensitivity of 

neural tissue, which after differentiation is considered to be post-mitotic. Several other 

observations also suggest a link between neurosensitivity and defective tRNA biogenesis 

specifically, suggesting that the deficiency in RNAP IIIopathies is tRNA(s). Mutations in 

genes encoding a tRNA splicing factor or a nuclear tRNA gene n-Tr20 cause 

neurodevelopmental disorder [49, 61–63]. The tRNA splicing-associated pathology involves 

aberrant tRNA fragments that sensitize motor neurons to an oxidative stress pathway [64, 

65]. Characterization of a mouse ataxia phenotype uncovered n-Tr20 a CNS-specific 

tRNAArgUCU whose T-loop stem mutation leads to motor neuron degeneration in a 

specific genetic variant background [49]. Theoretically, other tissue- and cell-specific class 

III gene transcripts may be essential in their respective cell types. Also, depending on the 

exact deficiency in the RNAP III component, different class III genes may be differentially 

affected, a precedent for which is the unique sensitivity of the yeast RPR1 (RNase P RNA) 

gene promoter to mutations in BDP1 [66]. The human genes encoding RNAse P RNA and 

MRP RNA rely on type 3 promoters, dependent on Brf2, [1]. Notable is the plethora of 

variant alleles in humans with MRP RNA promoter SNPs associated with the disorder 

cartilage-hair hypoplasia [67].

Another model is more tRNA- and codon-centric. RNAP III deficiency would lead to tissue-

specific changes in tRNA activities due to transcriptional and posttranscriptional 

mechanisms (Fig 3A–D). Accordingly, the translation profiles of cell type-specific mRNAs 

would be altered hierarchically, and uniquely dependent on codon use, and the most 

sensitive would determine phenotype. This disease model accounts for pleiotropy and 

phenotypic diversity and is expanded upon in the next section. This persective also fits with 

a conserved but plastic way for the RNAP III system and the variable tRNAome contents of 

different species to maintain match between tRNA supply and codon demand [7, 68]. This 

model is extended to a specific disease involving RNAP III in the next section.
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Some HLD mutations decrease RNAP III activity and nonuniformly alter 

tRNA

Most HLD cases carry mutations located throughout the Rpc1 or Rpc2 subunits (Fig 4). 

These two largest subunits together form an extended active center in RNAP III and also 

provide surface contact points for other subunits. HLD mutations localize throughout RPC 1 

and 2 and likely affect different functional aspects of the enzyme complex (Fig 4) including 

assembly, stability, initiation, elongation and/or termination [53, 54]. Two such mutations 

decreased tRNA transcription in Schizosachharomyces pombe [5]. The link between RNAP 

III activity and tRNA m2
2G26 was also seen for these mutants, as revealed by a codon-

specific mRNA translation phenotype due to alteration of m2
2G26-dependent tRNA specific 

activity [5]. A similar alteration in codon-specific translation may occur in human cells 

bearing these mutations.

mRNA codon use and tRNA supply are thought to match in healthy tissue. Pathological 

alteration of tRNA pools due to HLD mutations may lead not only to altered translation 

efficiency profiles of key mRNAs, but could also alter translational fidelity. Imbalances in 

the normal tRNA supply may induce ribosome pausing on certain mRNAs and even amino 

acid-tRNA misincorporation, both of which could cause polypeptide misfolding-related 

proteopathy [69]. Codon use by brain-specific genes has been remarkably conserved through 

mammalian evolution [70], suggesting that the CNS may be especially vulnerable to 

disturbance of the tRNA supply/codon demand balance [7], possibly reflecting particular 

sensitivity to protein misfolding.

Histone methylation of Alu short interspersed elements represses RNAP III

RNAP III is the driving force behind the most successful of all known mobile retroposons, 

the Alu short interspersed elements (SINEs), about a million of which reside in human 

DNA. These and other retroelements are interspersed throughout the genome via reverse 

transcribed RNA. Alu SINEs use the same type 2 promoter to direct synthesis of their 

transcripts as do tRNA genes. Similar SINEs are found in primate and rodent genomes (B1-

Alu), and other SINEs exhibit extensive homology to specific tRNA sequences (e.g., rodent 

ID SINEs). Because the promoter resides downstream of the transcription start site, the RNA 

that 'retroposes' back into the genome creates a near fully equipped potential transcription 

unit. Many Alu type repeats can form active RNAP III transcription complexes in naked 

genomic DNA but are prevented from doing so in chromatin [71]. Although Alu DNA 

methylation was thought to be responsible, new data indicate that histone methylation at Alu 
loci is the main repressive determinant [72].

Alu and related SINEs derived from RNAP III transcrips are not autonomous retroposons 

but are effective at commandeering the retrotransposition machinery of another type of 

mobile genetic element, the long interspersed element (LINE) which encode reverse 

transcriptase and integrase to propogate themselves [73]. Thus, there is an intimate 

relationship between class III genes and long retrotransposons.
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Long retrotransposons target TFIIIB-RNAP III gene complexes as 

integration sites in yeast

The S. cerevisiae retrotransposon Ty3 inserts precisely upstream of class III genes [74 and 

refs therein], which is facilitated by TFIIIB (but not TFIIIC) [75, 76] and La, the latter being 

likely involved in Ty3 RNA processing or stability but possibly also initiation site targeting 

[77]. Thus, strong evidence has indicated that Ty3 requires TFIIIB for integration and that 

interactions with TFIIIB at its binding site defines the site at which Ty3 integration occurs in 

S. cerevisiae. Ty1 is another S. cerevisiae retrotransposon related to Ty3 but with its own 

identity and distinct integration characteristics that also targets tRNA genes. The RNAP III 

associated factor, Bdp1 can recruit the chromatin remodeler Isw2p and influence Ty1 

integration [78]. More recently, a molecular target and primary determinant of Ty1 

integration site specificity was uncovered. Focusing on RNAP III itself, Bridier-Nahmias et 
al. found that its AC40 subunit interacts with and is the molecular target of the Ty1 integrase 

[79]. Independent studies found that the Ty1-Integrase interacts with RNAP III-specific 

subunits to promote integration upstream of class III genes [80]. It would appear that RNAP 

III subunits mediate direct functional interactions with Ty1 integrase and this is a basis of 

integration upstream of class III transcription complexes in S. cerevisiae. Thus, although Ty3 

and Ty1 are distinct retrotransposons, exhibit different target preference characteristics and 

are influenced by different host factors, they target different components of RNAP III class 

III gene complexes.

Intranuclear organization: activity, processing and nearby silencing

Hundreds to thousands of tRNA genes [6] are interspersed throughout eukaryotic genomes 

at copy numbers that vary widely among species and significantly among individuals [8–10]. 

Also, as tRNA genes host stable transcription complexes that challenge the progression of 

DNA replication forks, these genes have been integrated into a system of genome stability 

[11, 12] and also punctuate other intergenic activities [81]. Thus, tRNA genes are 

multifaceted dynamic elements that can provide several types of spatio-functional 

organization. In this section, we describe how active tRNA genes can behave as barriers to 

the spread of repressive heterochromatin [82], and how some TFIIIC sites tether to the 

nuclear periphery and have chromatin organizer activity [83].

In budding yeast, active tRNA genes cluster at the nucleolus [84, 85] via TFIIIC binding to 

condensin [86]. In addition, they can repress nearby RNAP II-transcribed genes by tRNA 

gene mediated silencing (tgm), which is distinct from other silencing mechanisms [87, 88]. 

Nucleolar clustering and tgm can be distinguished by factors that are required for one but 

not the other; nucleolar localization is necessary for tgm but not sufficient [88 and refs 

therein]. An intriguing factor is Mod5, a tRNA modification enzyme that confers tgm by 

associating with tRNA genes and their nascent transcripts even if they are not substrates for 

modification [88].

Similar silencing was uncovered in human cells but involving Ago2 [89]. In this case, Ago2 

found at tRNA and 5S rRNA genes (but not type 3 promoters lacking TFIIIC) is involved in 

silencing nearby RNAP II-transcribed genes [89]. Ago2 mediates this function without its 
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usual RNAi-mediated silencing partner, DICER, and instead interacts with the nascent tRNA 

and 5S rRNA transcripts in chromatin and represses nearby RNAP II-transcribed genes [89].

Other data indicate that association of tRNA genes and nuclear pore proteins enhance tRNA 

synthesis and nuclear export in yeast [90, 91]. Efficient docking of tRNA genes to the pores 

requires the chromosome movement protein, cohesin, and the tRNA nuclear export factor, 

Los1 [91]. Nuclear pore proteins are also associated with and influence tRNA gene 

expression in nematodes. A subset of class III snoRNA and tRNA genes in C. elegans 
associate with nuclear pores, which also promotes processing of their transcripts [92, 93]. 

Thus, increasing data from varied sources suggest that chromatin-associated nascent 

transcripts of tRNA and other TFIIIC-bearing genes contribute to higher order genomic 

activities.

Two RPC32 isoforms of vertebrate RNAP III and a link to pluripotency

Earlier work employing transformed cells identified two isoforms of RNAP III, Pol IIIα and 

IIIβ. Gene duplication in an ancient vertebrate created a specialized homolog of the RPC32 

subunit of RNAP III [94]. RPC32 is part of a trimeric subcomplex (C62/39/32) in human 

RNAP III [95] that is homologous to yeast subcomplex C82/34/31, discussed earlier. 

Screening for genes upregulated in undifferentiated embryonic stem (ES) cells identified the 

gene POLR3G, which encodes RPC32 [96]. A novel RPC32 paralog, RPC32β was identified 

from a distinct gene, offering a molecular basis for the distinct RNAP III isoforms [97]. 

RPC32(α) defines Pol IIIα, is mostly restricted to ES and transformed cells, and is 

dispensable, whereas RPC32β (defining Pol IIIβ) is ubiquitous and essential [97]. 

Expression of RPC32α but not β increases with transformation, and increasing or decreasing 

its expression induces or inhibits invasive growth [97]. RPC32α appears to contribute to 

maintenance of pluripotency in ES cells, consistent with its control by two key pluripotency 

regulators, NANOG and OCT4 [98].

Genome-wide analysis found that RPC32α and β occupied all class III genes in the cell type 

examined [94]. However, the transcription factor MYC occupies the RPC32α promoter, as it 

does for all other RNAP III subunit genes except the RPC32β promoter, suggesting 

independent regulation [94]. A recent structure of the human RPC62-RPC32 protein dimer 

suggests that the paralog-specific functions of RPC32 α and β reside in their terminal 

extensions that would appear to lie at the surface of RNAP III [99]. This arrangement 

supports the idea of paralog-specific responses of Pol III α and β to effectors such as Maf1 

as proposed [94], consistent with data from earlier studies of the yeast counterparts, as 

recently noted in a report of the human RPC62-RPC32 structure [99 and refs therein]. It also 

raises the possibility that RPC32α and RPC32β may contribute to differential tRNA and 

other class III gene expression in different cell types and during vertebrate development.

A new link from RNAP III to cancer and development of autoimmunity

Antibodies against the largest RNAP III subunit, RPC1 (encoded by POLR3A), and few 

other specific proteins are found in scleroderma patients. In those with anti-RNAP III 

antibodies, there is an association between the onset of scleroderma and cancer [100, 101]. 
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Sequencing of POLR3A uncovered distinct somatic missense mutations in three patients, 

and loss of heterozygosity at POLR3A specifically in the cancer tissue of three other of the 

eight patients examined [102]. Two of the three mutations, E1072Q and I104T, are in highly 

conserved RPC1 regions. E1072 is in the trigger loop and when mutated was found to 

activate RNAP III in S. pombe [21]. Further studies are required to understand if the altered 

RNAP III activity plays a functional role in the disease.

CONCLUDING REMARKS

Various recent advances have increased our understanding of RNAP III in three major areas, 

1) integrating basic mechanisms and high resolution structure; 2) unexpected consequences 

of MAF1 mutation or inactivation on energy homeostasis, body weight management and 

tRNA modification; and 3) tissue-specific and disease-specific disorders associated with 

and/or caused by RNAP III mutations.

The first near-atomic resolution structures of elongating RNAP III and the accompanying 

insight into transcription termination sets the stage for examining how an RNAP enzyme 

complex can undergo rapid transcription reinitiation, hopefully uncovering cancer 

susceptibilities. The discovery that Brf2 uniquely controls of tRNA[Ser]Sec and other type 3 

gene loci in higher eukaryotes in response to oxidative stress, separate from the hundreds of 

other tRNAs, raises several important questions and opportunities for promising links to 

cancer.

Understanding the mechanism and extent of tissue-specific tRNA gene transcription in 

relation to the chromatin context is a critical focus for the near future. By contrast, 

deciphering the mechanisms of RNAP III-associated disease is on the horizon. While 

deficient transcription of any non-tRNA class III gene may cause a specific phenotype, we 

should consider the potential effects of nonuniform changes in the tRNAs that accompany 

global alteration of RNAP III activity. Thus, a more distant goal is to understand how tRNA 

activities change in a tissue-specific manner in response to regulation of or mutation in 

RNAP III to alter mRNA translation profiles resulting in a phenotype. This includes the 

somatic mutations in RPC1 that are associated with cancer. In any case, it would be fruitful 

to focus on the HLD mutations as a model RNAP III pathology.
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Outstanding Questions Box

• Since tRNA genes share similar promoters and tissue-specific class III 

transcription factors are unknown, what is a mechanistic basis of the apparent 

cell type-specific tRNA gene activity? To what extent does local chromatin 

context influence cell type-specific tRNA gene activity in higher eukaryotes, and 

what are the determinants?

• Now that a high-resolution structure for RNAP III has been solved, can 

structures for intermediates of transcription initiation and termination be 

isolated? Which residues contribute to the active center, are involved in 

elongation, or in termination, and how do they affect RNA synthesis rate?

• Since each strand of the RNAP III terminator contains separate functional 

information for termination, to what extent does nucleotide identity at key 

positions affect the template or nontemplate strand function? Can such 

information improve understanding of how noncanonical terminators work?

• To what extent does Brf2 residence at different type 3 promoters change during 

oxidative stress? How is RNAP III recruited to type 3 promoters?

• How do alterations in RNAP III activity, change the mRNA translational profile, 

the proteome, of cells?

• Do the different vertebrate RNAP III isoforms α and β, containing RPC32α or 

RPC32β respectively, respond differently to effectors such as Maf1? Do 

RPC32α and RPC32β play different roles during vertebrate development or in 

different somatic cell types?

• Do the newly uncovered autoimmune and cancer-associated mutations in RPC1 

represent a new mechanism by which cancers activate RNAP III for increased 

tRNA synthesis?

• How does deficiency of a housekeeping enzyme, RNAP III, lead to tissue-

specific defects, presumably as is the case for HLD? Is it due to deficient 

synthesis of a tissue-specific transcript, or tRNAs in general? How do mRNA 

translational profiles change?
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Trends Box

• The first atomic structures of RNAP III bring novel insight into the mechanisms 

that promote efficient synthesis of short RNAs. A loose active center, tight DNA 

binding cleft and other features will drive experiments to target RNA synthesis 

in cancer.

• A Crystal structure of Brf2 with type 3 promoter DNA uncovered a novel switch 

mechanism for selenocysteine-tRNA synthesis and control of the oxidative 

stress response.

• The dimethyl-G26 modification found on some tRNAs is linked to RNAP III 

and regulated by Maf1, which is conserved from yeast to human. Because 

dimethyl-G26 increases tRNA activity for decoding, it alters cellular mRNA 

translational profiles.

• Mutations throughout the two largest RNAP III subunits cause the 

developmental neurological disorder hypomyelenating leukodystrophy (HLD) 

These mutations likely decrease tRNA synthesis, affect dimethyl-G26, and alter 

mRNA translation.
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Figure 1. Class III gene promoter types and initiation assembly factors used for RNAP III
All class III genes use TFIIIB-1 or TFIIIB-2 as the transcription initiation factor for RNAP 

III. TFIIIB-1 and -2 are three-subunit complexes comprised of TBP (TATA-binding protein), 

BDP (B" or B double prime) and Brf1 or Brf2 respectively (see text). The type 1 (internal) 

promoter is used by 5S rRNA genes. It requires the 5S gene-specific transcription factor, 

TFIIIA, as well as Brf1-containing TFIIIB-1 and the six-subunit TFIIIC complex 

represented here as three subdomains (red ovals). The type 2 (internal) promoter is used by 

tRNA genes and requires TFIIIB-1 and TFIIIC, the latter of which recognizes the A and B 
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box internal promoter elements (distinct from box A of 5S gene) which are downstream of 

the start site of transcription (cyan bent arrow). The type 3 promoters of higher eukaryotes 

are external, upstream of the start site of transcription and require the multisubunit 

transcription factor SNAPc, which recognizes the proximal sequence element (PSE) and a 

TFIIIB variant containing Brf2 rather than Brf1 designated TFIIIB-2 that binds the TATA 

box element. The selenocysteine tRNA[Ser]secUCA gene, as well as the U6 snRNA, MRP 

RNA, RNase P snRNA, and the hY RNA genes, use type 3 promoters. An important feature 

of the type 3 promoter is a distal sequence element (DSE) which is multipartite and 

recognized by activators ZNF143 and POU2F1 (see text), as schematized here for the 

tRNA[Ser]sec gene [17]. The terminator elements are also indicated.
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Figure 2. RNAP III supplies tRNA, organized by transcriptional and/or posttranscriptional 
mechanisms, to fill codon demand for mRNA translation programs
A) The type 3 promoter-driven, Brf2-dependent, mammalian-essential selenocysteine 

tRNA[Ser]secUCA is required for the decoding of reprogrammed UGA codons present in a 

small subset of mRNAs (about two dozen in human) that produce selenoproteins involved in 

oxidative chemistry and oxidative stress response [18]. The cartoon represents an example of 

keying a tRNA of a particular specificity to a subset of mRNAs that share the same pattern 

of codon bias. B) Some mRNAs share a two codon-bias. A subset of yeast mRNAs with 

biased content of AGA and GAA codons are depicted whose efficient translation rely on a 

wobble base modification mediated by Trm9 methylase [32, 33]. The inset shows the 

anticodon stem loop region of tRNA with the wobble base indicated. C) Schematic of 

suppressor-tRNASerUCA used to study single codon-specific colorimetric reporter mRNA 

ade6-704 in yeast that revealed the evolutionarily conserved link between RNAP III activity 

rate, tRNA m2
2G26 modification, and tRNA activity [5, 103]. The lower panels show yeast 

colony color under the RNAP III activity conditions indicated.
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Figure 3. Model of tRNA-specific gene and modification effects of RNAP III
A) Highly schematized genomic DNA containing interspersed tRNA genes (individual 

colored bars) in isolation or in clusters as found on mammalian chromosomes, in open 

dispersed or concentrated regions, representing different chromatin states. The double 

arrows represent type 3 promoters with their gene enhancers and activators. Three ovals of 

yellow, green and magenta are expanded from top to bottom, in the vertical panel to the 

right. These depict an isolated tRNA gene (yellow oval), a tRNA gene cluster which might 

benefit from a relatively high local concentration of recycling RNAP III as compared to an 

isolated tRNA gene (green oval), and a tRNA gene cluster adjacent to a type 3 gene with its 

enhancer (magental oval, see Fig. 1). B) Different hypothetical cell types, derived from the 

same genome as above but with different complements of tRNAs depicted in five colors to 

match the codon use bias in the mRNA pools below (C) in the same cells. Note in this 

hypothetical model, each cell type contains a set of mRNAs that share a codon use bias, 

indicated by brackets, that match the predominant tRNA in the tRNA pool. These mRNAs 

would have translational advantage over other mRNAs and produce more proteins as 

reflected in the lower panels (D). Under conditions when general RNAP III activity is 

decreased, for example due to Maf1-mediated repression, a subset of tRNAs become 
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hypermodified at G26 (m2
2G26), as indicated by asterisks in (B). Under these stress 

conditions, the relative activities for mRNA decoding changes and the resulting protein 

compositions change. D) For each cell type is shown two protein pools, one under normal 

conditions (left) and the other after Maf1-mediated stress-induced repression of general 

RNAP III activity and resultant changes in codon-specific tRNA decoding activities due to 

m2
2G26 (right) [5].
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Figure 4. Distribution of HLD (hypomyelinating leukodystrophy) mutations in the human RPC1 
and RPC2 subunits of RNAP III
Reported mutations in HLD patients were mapped to the linear representation models of 

RPC1/POLR3A (A) and RPC2/POLR3B (B) with some of the major structural regions 

indicated in different colored rectangles as defined by the cryo-EM structure of budding 

yeast (S. cerevisiae) RNAP III [19]. Numbers in parenthesis above the rectangles indicate 

the S. cerevisiae amino acid positions of the boundaries of these regions with the 

homologous human position numbers given above. Numbers in blue font indicate selected 

structural elements. Amino acid substitutions caused by patient mutations are indicated 

below the rectangles with the S. cerevisiae amino acid identity and position numbers in 

parentheses; as can be seen by comparing identities at each of the mutated positions, the vast 

majority are identical in yeast and human. The human mutations were as reported: [54–56, 

104–108].
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