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Simple Summary: RNA polymerase (pol) III synthesizes essential and abundant non-coding RNAs,

including all tRNAs. This activity can be constrained by RB, an action that may help to limit cell

growth and proliferation. Previous work established that RB binds and represses TFIIIB, a factor

required for pol III to transcribe any of its target genes; this explains the apparently universal effect

of RB on the pol III transcriptome. We find E2F bound to chromatin in close proximity to many pol

III-transcribed genes, where it may recruit RB to influence local chromatin and control the production

of specific products. RB recruitment to subsets of pol III-dependent genes provides the potential

for more selective regulation than the general dampening of output that can be achieved through

interaction with TFIIIB. The regulatory impact of E2F may therefore be strengthened by differentially

influencing levels of key non-coding RNAs such as individual tRNAs.

Abstract: In all cases tested, TFIIIB is responsible for recruiting pol III to its genetic templates. In

mammalian cells, RB binds TFIIIB and prevents its interactions with both promoter DNA and pol III,

thereby suppressing transcription. As TFIIIB is not recruited to its target genes when bound by RB,

the mechanism predicts that pol III-dependent templates will not be occupied by RB; this contrasts

with the situation at most genes controlled by RB, where it can be tethered by promoter-bound

sequence-specific DNA-binding factors such as E2F. Contrary to this prediction, however, ChIP-seq

data reveal the presence of RB in multiple cell types and the related protein p130 at many loci that

rely on pol III for their expression, including RMRP, RN7SL, and a variety of tRNA genes. The sets of

genes targeted varies according to cell type and growth state. In such cases, recruitment of RB and

p130 can be explained by binding of E2F1, E2F4 and/or E2F5. Genes transcribed by pol III had not

previously been identified as common targets of E2F family members. The data provide evidence

that E2F may allow for the selective regulation of specific non-coding RNAs by RB, in addition to its

influence on overall pol III output through its interaction with TFIIIB.

Keywords: E2F; p130; RB1; RMRP; RN7SL; RNA polymerase III; tRNA

1. Introduction

Retinoblastoma is a pediatric tumor of the retina that is caused by loss of the Rb1
gene [1]. Inactivating mutations in this gene also occur in many other tumor types, such
as bladder carcinomas and small-cell lung cancers [2,3]. Whereas homozygous deletion
causes mouse embryos to die during gestation, heterozygous mice survive but are strongly
predisposed to cancer [4–8]. Introduction of exogenous Rb1 into tumor cells can inhibit
growth, proliferation, anchorage-independent colony formation and tumorigenicity in
mice [9–11]. Such observations demonstrate the potency of this tumor suppressor.

The best-characterized binding partner of the Rb1 gene product, RB, is the E2F tran-
scription factor, which consists of obligate heterodimers between members of the E2F and
DP families [12–14]. RB masks the transactivation domain of E2F and recruits chromatin-
modifying proteins that can suppress transcription, including histone deacetylases, DNA
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methyltransferases and the histone methyltransferase SUV39H1 [15–29]. Many of the genes
that are bound by E2F and repressed by RB encode products that promote nucleotide
synthesis, DNA replication and cell cycle progression [30]; a key example is the cyclin
E gene, which is overexpressed in fibroblasts from Rb1-knockout mice, relative to wild-
type [31,32]. Repression of such genes is believed to be pivotal for the ability of RB to
inhibit cell proliferation [2]. Conformational changes occur in RB when it is phosphorylated
by cyclin-dependent kinases (CDKs), resulting in its release from E2F and allowing cell
cycle progression [2,33,34].

RB has been shown to bind a great many partners in addition to E2F [35,36]; indeed, in-
teraction databases list more than 300 human proteins that associate with RB [37]. Amongst
these partners is the transcription factor TFIIIB, which is composed of three essential
subunits—Brf1, Bdp1 and the TATA-binding protein TBP [38]. Each of these subunits has
been detected in complex(es) with RB [39–46]. These interactions were identified using
recombinant polypeptides and also with endogenous proteins from mouse and human
cells. TFIIIB is required to recruit RNA polymerase (pol) III to all of its template genes,
allowing for the synthesis of an eclectic mix of short non-coding RNAs, the most abundant
of which are tRNA, 5S rRNA and 7SL RNA [47]. Expression levels of pol III products can
influence cell growth and proliferation, as well as oncogenesis [48–54]. Functional assays
demonstrated that RB compromises the ability of TFIIIB to support transcription [39,40,55];
this can explain the inhibitory effect of RB, both in vitro and in vivo, on the transcription of
all pol III-dependent genes tested, as TFIIIB is essential in every case [29,39–43,45,46,55–58].
Nuclear run-on assays revealed that endogenous RB suppresses the synthesis of tRNA and
5S rRNA in mouse embryonic fibroblasts (MEFs), especially in the quiescent state [43,56].
Serum withdrawal causes a ~2-fold decrease in tRNA synthesis in Rb+/+ MEFs, but this
response is lost in MEFs from Rb−/− mice, showing that RB is required for the repres-
sion of pol III transcription that accompanies quiescence [43]. TFIIIB binds selectively in
fibroblasts to hypophosphorylated forms of RB, which are maximal in G0 and early G1
phases [43]. When serum-starved fibroblasts are stimulated to resume proliferating, TFIIIB
dissociates from RB at the G1/S phase transition as RB undergoes phosphorylation by
CDKs, and transcription by pol III increases in parallel [43]. That RB phosphorylation is
directly responsible for this dissociation was confirmed in vitro, where binding to TFIIIB
can be blocked if recombinant RB is pretreated with recombinant CDK4 in complex with
cyclin D1 and CDK2 in complexes with cyclins A and E [43]. In transfected fibroblasts,
expression of VA1, a pol III-dependent adenoviral gene, can be strongly stimulated by
co-transfection of CDK2 and CDK4 with cyclins D1 and E; this response can be prevented
by the CDK inhibitor p16 [43]. Phosphorylation of RB can be induced in mouse hearts by
transverse aortic constriction, and this results in release of RB from TFIIIB and increased
tRNA synthesis, effects that are not seen in mice that are null for cyclin D2 [46]. These data
support a model in which RB represses transcription by pol III during G0 and early G1
phases through interaction with TFIIIB and then dissociates at the G1/S transition as a
result of phosphorylation by CDK4 and CDK2, allowing for the increased production of
pol III products.

The functions of RB overlap substantially with those of p107 and p130, with which
it shares the bipartite protein-binding domain referred to as the pocket [35,59]. All three
“pocket proteins” can inhibit cell growth and proliferation when overexpressed in cancer
cells, an effect involving G1-specific cell cycle arrest [11,60–62]. They all can also bind
to TFIIIB and repress pol III transcription in vitro and in vivo [42,43]. Redundancy is
strong between p107 and p130 proteins, which are ~50% identical to each other, but only
30–35% identical to RB. In consequence, mice lacking either p107 or p130 develop normally,
although the absence of both results in death soon after birth [63]. In contrast, p107 and
p130 cannot compensate for loss of RB during early development, and RB null mice die
during midgestation, with defects in the proliferation and/or differentiation of certain cell
lineages [4,5,64]. In murine fibroblasts, loss of RB has a greater effect on pol III output than
that of p107 and p130 [42]. The tumor suppression function(s) of RB are also considered non-
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redundant based on its frequent mutation in human cancer, whereas mutations affecting
p107 or p130 are rare [65].

It has been suggested that the repression of pol III-mediated transcription may con-
tribute to the ability of RB to suppress cell growth and carcinogenesis by limiting production
of key non-coding RNAs, such as tRNAs [48,66,67]. Indeed, growth of cells in culture and
in fly embryos, colonies on soft agar and tumors in mice can be stimulated by raising
expression of individual tRNAs [68–77]. Furthermore, cancer survival of human popula-
tions correlates with levels of particular tRNAs [52,76,78–80]. Other pol III products have
also been implicated in cancer progression, such as 7SL (RN7SL) RNAs [81] and RMRP
RNA [82–86]. The potency of RB as a tumor suppressor must be strengthened by its ability
to inhibit the pol III-dependent synthesis of ncRNAs such as these, which are potentially
oncogenic. The restraining effect of RB on pol III output is abolished by point mutations that
arose in cancers and by viral oncoproteins that target its pocket domain [41,42,44,56–58].

Promoters of most pol III-transcribed genes are recognized by the DNA-binding factor
TFIIIC, which then recruits TFIIIB through protein/protein interactions [87–89]. TFIIIB
is necessary and sufficient to recruit pol III to any of its templates, positioning it at the
transcription start site [90]. The binding of RB to TFIIIB disrupts its interactions with
TFIIIC and pol III, both in vitro and in vivo [91]. These effects are very specific as they
are absent in RB mutants with single residue substitutions (567L and 706F) that arose in
cancers [91]. On the basis of these data, a model was proposed in which RB disrupts two
key steps in assembly of the preinitiation complex—recruitment of TFIIIB by TFIIIC and
recruitment of pol III by TFIIIB (Figure 1). A notable feature of this model is that RB is not
retained at the pol III-transcribed genes that it represses. This is different from its interaction
with genes that are regulated by E2F, which remains bound to promoter DNA whilst also
binding RB, thereby providing opportunity for the latter to recruit chromatin-modifying
co-repressors [15–23,25,26,28].

tt ff

ff

Figure 1. Schematic representation of the original model of Pol III repression by RB. When dephos-

phorylated, RB associates with TFIIIB, blocking its interactions with TFIIIC and Pol III; prevention

of these interactions precludes formation of the preinitiation complex. In this way, RB can inhibit

transcription (bottom), an effect not observed when RB is phosphorylated (top).
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Repression of the U6 snRNA genes was found to deviate from the general mecha-
nism depicted in Figure 1 [45,55]. This reflects the distinct promoter organization and
transcription factor requirements of U6 genes [92]. Whereas the large majority of pol III
templates have promoters within their transcribed regions that recruit TFIIIC and then a
TFIIIB complex comprising Brf1, TBP and Bdp1, U6 promoters lie upstream of the start
site and are recognized by SNAPc, which assists recruitment of a distinct TFIIIB complex
in which Brf1 is replaced by the related factor Brf2 [38,93]. Hirsch et al. demonstrated
that although RB binds Brf1, TBP and Bdp1, it does not bind Brf2 [45]. However, SNAPc
interacts with RB and can recruit it to a U6 promoter [45,55]. They detected no RB at VA1
or tRNALys promoters, consistent with the original model, but RB was detected clearly and
specifically at a U6 promoter [45]. It was shown to recruit DNA methyltransferases and
induce methylation of a specific CpG in the U6 promoter, although this site is not required
for RB-mediated repression [29]. Sequential ChIP revealed that RB can co-occupy a U6
promoter with pol III and repress it [45]. The authors concluded that U6 repression by RB
utilizes a mechanism that is distinct from that characterized at VA1 and tRNA genes, likely
reflecting the use of different basal factors.

The presence of RB at some U6 promoters was subsequently observed in ChIP-seq data
from IMR90 fibroblasts [92]. This analysis also detected RB at a few other pol III-transcribed
genes with upstream promoters like U6 that recruit SNAPc and Brf2 [93,94], such as the 7SK
and RMRP genes. Although this was predictable, given the shared promoter arrangement
and factor requirements of this group, the study discovered the additional presence of RB
at a subset of tRNA genes (tDNAs), demonstrating further diversity in its interaction with
pol III-transcribed genes [92].

We have analyzed ChIP-seq datasets from previous investigations and confirmed the
presence of RB at many tDNAs in human IMR90 and BJ fibroblasts, K562 hematopoietic
cells and RPE1 retinal cells, amongst others. The presence of tDNAs of the RB-related
protein p130 is also observed. An explanation is suggested by the discovery of E2F proteins
at sites occupied by RB and p130 in proximity to many tDNAs. Phosphoresistant mutations
in RB that enhance its interaction with E2F also increase its occupancy of many tDNA loci.
In light of these findings, the original model of pol III regulation by RB should be amended
to include its tethering at some tDNA loci by DNA-bound E2F. This opens the possibility
of RB-dependent epigenetic regulation, as described for many established E2F targets.

2. Materials and Methods

2.1. ChIP-Seq Data

2.1.1. Downloading ChIP-Seq Datasets

RB-G (growing), RB-Q (quiescent), RB-S (senescent), p130, p107, FLAG-RB-WT, FLAG-
RB-∆cdk and E2F ChIP-seq datasets were obtained from the National Center for Biotech-
nology Information (NCBI) Sequence Read Archive (SRA) Run Selector (accession: PR-
JNA734617, accession: PRJNA122045, accession PRJNA147251). Sources are listed in
Table 1. Reads were extracted in FASTAQ format using the SRA toolkit in galaxy (https:
//github.com/ncbi/sra-tools accessed 1 February 2023) [95]. Bowtie2 was used to map
reads against the human reference genome and convert the file into a BAM format [96,97].
RB1, control IP, E2F1, E2F4, and E2F5 ChIP-seq files from K562 cells were downloaded in
BAM format from the ENCODE portal [98]. The hg19 and hg38 tDNA sequences (n = 606
or n = 636, respectively), and sno-miRNA sequences (n = 2272 and n = 2320, respectively)
were acquired from the UCSC Table Browser [99].

2.1.2. Quantification of ChIP-Seq Signals Using Easeq

Quantification of ChIP-Seq reads was completed in interactive ChIP analysis software
EaSeq (v. 1.111) [100]. BAM files containing ChIP-seq filtered alignments were loaded as
“Datasets” into Easeq (available at https://easeq.net accessed 1 February 2023). tRNA
genes and sno-miRNA genes were imported as “Regionsets”. ChIP-seq peaks at tRNA
genes ± 500 bp from the center were quantified using the “Quantify” tool. Counts were
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normalized to DNA fragments and reads were normalized to reads per million (within
EaSeq’s quantification tool).

2.1.3. Data Analysis

Heat Maps

All heatmaps were generated using the “heatmap” function provided by EAseq. tRNA
genes or sno-miRNA genes were aligned at their center point, and the signal intensity of
transcription factor binding was plotted across 10,000 bp either side. Signal intensity was
segmented into 200 bins and sorted according to increasing intensity, calculated using the
“Quantify” function provided in EAseq.

Line Tracks

The “Average” function on EAseq was used to visualize signal intensity of binding at
all tRNA genes or sno-miRNA genes ± 10,000 bp. The “LineTrack” function on EAseq was
used to visualize signal intensity of binding at specific pol III transcribed genes of interest.
These genes were gated using the “gate” function, and 10,000–20,000 bp either side were
plotted for both strands. Signal intensity was segmented into 400 bins and smoothed for 1 bin.

Binding Overlap Analysis

Quantified values (Q values) were exported to Excel (v. 1808), and tRNA genes with a
value above the threshold (average binding) were determined to be bound by that binding
factor. Overlap in binding was calculated in Excel.

Table 1. Sources and accession numbers of ChIP-seq datasets.

Source Cell Type ChIP-Seq File Type Accession

Sanidas et al., 2022 [101] BJ cells FLAG-RB-WT SRR14713166
FLAG-RB-∆cdk SRR14713167

RPE cells

FLAG-RB-WT Input SRR14713168
FLAG-RB-∆cdk Input SRR14713169
FLAG-RB-WT SRR14713063
FLAG-RB-∆cdk SRR14713064
FLAG-RB-WT Input SRR14713079
FLAG-RB-∆cdk Input SRR14713080
E2F1 SRR14713081

Michael Snyder, Stanford. 2017
K562 cells RB1 ENCFF305NFS

Richard Myers, HAIB. 2023

E2F1 ENCFF183WQN
ENCFF193ODF

E2F4 ENCFF706ZTX
ENCFF749XCO

E2F5 ENCFF027ECD
ENCFF915WXK

Chicas et al., 2010 [102] Growing IMR90 cells RB SRR034478
SRR034479

Mock SRR034492
Quiescent IMR90 cells RB SRR034480

SRR034482
Mock SRR034493

Senescent IMR90 cells RB SRR034484
SRR034486

Mock SRR034494
Quiescent IMR90 cells p130 SRR034483

Ferrari et al., 2012 [103] Quiescent IMR90 cells p107 SRR350272

2.2. ChIP-Atlas Data

Peak call data for RB, p107 (RBL1), p130 (RBL2), E2F1, E2F4 and E2F5 were obtained
from the ChIP-Atlas database (https://chip-atlas.org/ accessed 9 September 2023) using the
“Peak Browser” function. The ChIP-Atlas database integrates almost all publicly available
ChIP-seq datasets and subjects it to peak calling with MACS2, allowing for visualization
of genome-wide binding data for transcriptional regulators. Peak call data in BED format
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(Q value < 1 × 10−5) were used in this study and displayed in the genome browser IGV at
regions of interest. Data were aligned to human genome hg38.

3. Results

3.1. RB and p130 Associate with Many tRNA Genes in Human Fibroblasts

Chicas et al. [102] conducted ChIP-seq analyses of endogenous RB and p130 in IMR90
human diploid fibroblasts. When these data were searched for tDNA loci, heatmaps
revealed a concentration of both pocket proteins at a subset of tRNA genes, relative to 10 kb
of flanking DNA upstream and downstream (Figure 2A). In each heatmap, the tDNAs
are arranged in order of increasing RB signal (top to bottom) and it is apparent that most
cases of p130 occupancy overlap with that of RB. Average signal intensity plots confirm the
selective localization of RB and p130 at tDNAs, relative to the surrounding regions (Figure 2B).
Specificity is demonstrated by the minimal association with miRNA and snoRNA genes
(Figure 2C). Approximately 80% of the tDNAs that recruit RB also recruit p130, but these
pocket proteins were also each found individually at subsets of tDNAs where the binding of
the other did not reach the threshold (Figure 2D). The third pocket protein, p107, can also be
detected at a subset of tDNAs in IMR90 cells (Supplementary Figure S1).

tt
Figure 2. RB and p130 bind to tRNA genes in serum-deprived quiescent IMR90 cells. (A) Heatmaps

depicting RB (blue), p130 (green) and no-antibody control (black) binding 10 kb either side of hg38 tRNA

genes in IMR90 cells. In each heatmap, the tDNAs are sorted (top to bottom) in order of increasing RB

signal. (B,C) Average signal intensity of RB (blue), p130 (green) or mock (black) binding at tRNA genes

(B) or sno-miRNA genes (C) in IMR90 cells. (D) Overlap in RB and p130 binding at tRNA genes.

The above data were obtained from IMR90 cells that had been made quiescent by
serum deprivation. Chicas et al. also examined RB occupancy when these cells were
actively proliferating or undergoing oncogene-induced senescence [102]. Endogenous RB is
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associated with many tDNAs under each of these conditions, with the strongest enrichment
in senescent cells (Figure 3A,B). In contrast, RB is associated with only a small minority of
miRNA and snoRNA genes under any of these conditions (Figure 3C). Although the sets of
tDNAs bound by RB in proliferating, quiescent and senescent cells overlap substantially,
many examples were also detected in which occupancy was strongest for one or two of the
conditions examined (Figure 3D). Comparison of the heatmaps (Figure 3A), which were
all sorted by strength of RB binding in growing cells, suggests that binding differences
between the cell states are primarily due to quantitative relative changes in occupancy
strength, rather than substantial qualitative variations between the sets of target genes.

tt

Figure 3. RB binding in growing, quiescent or senescent IMR90 cells. (A) Heatmaps depicting RB

(blue) or no-antibody control (black) binding 10 kb either side of hg38 tRNA genes in growing (“G”),

quiescent (“Q”) or senescent (“S”) IMR90 cells. In each heatmap, the tDNAs are sorted (top to bottom)

in order of increasing RB signal in the growing cells. (B,C) Average signal intensity of RB (B) or

control (C) enrichment at tRNA genes in growing, quiescent or senescent IMR90 cells. (D) Overlap in

RB binding at tRNA genes in growing, quiescent, or senescent IMR90 cells.

3.2. Phosphoresistant Mutation Stimulates Binding of RB to tRNA Genes

To test if RB recruitment to tDNAs is an idiosyncrasy of IMR90 cells, we utilized
an orthogonal dataset from an independent study with BJ fibroblasts [101]. In this case,
the endogenous RB was replaced by a FLAG-tagged version expressed at comparable
levels to improve signal relative to background [101]. ChIP using anti-FLAG antibody
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revealed association of the tagged RB at many tRNA genes (Figure 4A). This strengthens
confidence in the results in Figures 2 and 3. The data provide evidence that RB interacts
with multiple tDNAs in two unrelated lines of human diploid fibroblasts. Most tRNA genes
that associate with RB above the threshold are common between BJ and IMR90 fibroblasts
(Supplementary Figure S2).
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Phosphorylation by cyclin-dependent kinases (CDKs) has been shown to regulate
the conformation, interactions and activity of RB [2,33,37]. Sanidas et al. [37] created a
mutant form of RB, termed RB∆cdk, in which all fourteen known CDK phosphoacceptor
sites were substituted with alanine residues that cannot be phosphorylated; they then
replaced endogenous RB in BJ cells with a FLAG-tagged version of this phospho-resistant
mutant, expressed at similar levels. We analyzed their ChIP-seq data [101] to determine
if ablating CDK-mediated phosphorylation affects the recruitment of RB to tRNA genes.
Indeed, binding was enhanced by the mutations (Figure 4A,B). As well as causing stronger
association in the majority of cases, the mutations also altered a few cases of tDNA selection
so that recruitment to subsets of tDNAs was either increased or decreased (Figure 4C).
However, most tDNAs bound by wild-type RB were also bound by RB∆cdk and vice versa.

Sanidas et al. adopted the same approach in RPE1 human retinal pigment epithelial
cells, replacing the endogenous RB with similar levels of flag-tagged wild-type or RB∆cdk
mutant [37,101]. Use of retinal epithelial cells is particularly apposite as inherited mutations in
the RB1 gene cause oncogenic transformation of this cell type early in life [1]. As in fibroblasts,
RB binds selectively to many tRNA genes in RPE1 cells but is only detected at a small minority
of miRNA and snoRNA genes (Figure 5A,B). Nearly all tRNA genes bound by wild-type RB
are also bound by the RB∆cdk mutant (Figure 5C). However, occupancy of tDNA loci is, in
many cases, strengthened significantly by the phosphoresistant mutations (Figure 5D,E).
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Δ

Figure 5. Substitution of CDK phosphoacceptor sites increases binding of RB to many tRNA genes.

(A) Heatmap depicting RB binding 10 kb either side of hg19 tRNA genes (left) or sno/miRNA

genes (right) in RPE1 cells. (B) Average signal intensity of RB binding at tRNA genes (green) or

sno/miRNA genes (dark blue) in RPE1 cells. (C) Overlap in WT-RB and ∆cdk-RB binding at tRNA

genes. (D) Average signal intensity of FLAG-RB-WT (blue) and FLAG-RB-∆cdk (red) binding at tRNA

genes in RPE1 cells. (E) Box plot depicting the average binding enrichment of WT-RB or ∆cdk-RB

mutant at tRNA genes. Boxes show the median (solid line) ± one quartile, with the mean denoted

by a cross; whiskers extend to the furthest data point within a 1.5× interquartile range. Unpaired,

two-tailed Student’s t-tests were applied to calculate statistical significance. *** denotes p < 0.0001.

These data suggest that CDK-mediated phosphorylation of RB can regulate its recruit-
ment to tRNA genes in both BJ and RPE1 cells. However, it cannot be discounted that
the alanine substitutions in this mutant have influenced interactions through mechanisms
additional to their exclusion of phosphorylation.

3.3. RB Recruitment to Many tRNA Genes Coincides with Binding Sites for E2F

RB lacks a DNA-binding domain and is recruited to genomic sites through interaction
with transcription factors that recognize specific DNA sequences, the best-documented
of which is E2F. Although tRNA genes have not, to our knowledge, been reported as
E2F targets, ChIP-seq revealed that ~190 are bound by E2F1 in RPE1 cells; furthermore, a
heatmap with RB occupancy sorted according to the strength of E2F1 binding demonstrates
strong correlation at tRNA loci (Figure 6A). Indeed, RB is recruited to most of the tRNA
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genes that are close to sites bound by E2F1, whereas minimal enrichment of either was
detected at the majority of miRNA and snoRNA genes (Figure 6B–D). In some cases, both
the tRNA gene(s) and the E2F1 site(s) are located within the promoter region of a protein-
coding gene; for example, the binding of RB and E2F1 coincide with the tRNA-Tyr-GTA-2-1
and tRNA-Ala-AGC-8-1 genes upstream of the AGBL5 gene on chromosome 2 (Figure 6E).
However, E2F1 and RB can also be found at tRNA genes located far from protein-coding
genes, such as the isolated tRNA-Ile-TAT-2-1 gene on chromosome 2 (Figure 6F) and a
cluster of four tRNA genes on chromosome 11 (Figure 6G). Mining of public ChIP-seq
data using ChIP-Atlas (http://chip-atlas.org) [104,105] reveals an additional 12 cell lines in
which E2F1 has been detected at the tRNA-Ile-TAT-2-1 gene (Supplementary Figure S3).
The well-established ability of DNA-bound E2F1 to recruit RB to its target sites offers an
explanation for the detection of RB at many tRNA genes.
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E2F1 is expressed primarily in proliferating cells and does not accumulate in quiescent
cells, where E2F4 and E2F5 are the most abundant members of the E2F family [12]. If tDNA
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occupancy by RB in quiescent cells (Figure 3) is also mediated by E2F, then E2F4 and/or E2F5
are likely to substitute for E2F1. The encyclopedia of DNA elements (ENCODE) contains
ChIP-seq datasets for RB, E2F1, E2F4 and E2F5 in the erythroid cell line K562 (available at
www.encodeproject.org/), which reveal that each of these proteins can be found at many
tDNAs (Figure 7A,B). Comparable enrichment is not detected at the majority of miRNA and
snoRNA genes (Figure 7C). There is substantial overlap between the tDNAs bound by these
four proteins (Figure 7D). This is also evident from Figure 7A, where the tDNAs are sorted in
each heatmap according to the strength of E2F1 binding; it is evident that the orders of binding
of E2F4, E2F5 and RB closely follow that of E2F1. Under these conditions, ~30% of tDNAs are
occupied above threshold by at least one of the three E2F family members tested and binding
by RB is detected at 87% of these. Of the 266 tDNAs that recruit RB above threshold under
these conditions, ~97% bind one or more of E2F1, E2F4 and E2F5. These data suggest that E2F
may be primarily responsible for the association of RB with tRNA genes, although alternative
recruitment mechanisms are also likely in at least some cases.

Figure 7. Binding of RB overlaps with E2F at tRNA genes in K562 cells. (A) Heatmap depicting E2F1,

E2F4 or E2F5 (green) or RB (blue) binding 10 kb either side of hg38 tRNA genes, sorted according to

increasing E2F1 in K562 cells. (B,C) Average signal intensity of E2F1, E2F4, E2F5 and RB binding at

tRNA genes (B) or sno-miRNA genes (C) in K562 cells. (D) Overlap in tRNA genes bound by RB,

E2F1, E2F4 and E2F5 in K562 cells. The threshold for binding was set as the mean binding enrichment

for each group.

Figure 8 shows three examples of isolated tDNAs, far removed from protein-coding
genes, where RB, E2F1, E2F4 and E2F5 can all be seen to bind robustly in K562 cells,
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with well-resolved ChIP-seq peaks that are clearly distinguishable from the surrounding
regions (Figure 8A–C). For comparison, Figure 8D shows binding at the cyclin E promoter,
a paradigm target for RB and E2F [12,13,31,32,106]. It is noteworthy that the peaks for
RB, E2F1, E2F4 and E2F5 at the cyclin E promoter are all weaker than those seen for these
proteins in the same datasets at the tRNA genes shown in Figure 8A–C (note different
scales). For example, binding of E2F4 has a Q-value of ~5 at the cyclin E promoter, but
Q-values of 15–20 are reached at the three tRNA loci. Although these tDNAs were selected
as robust examples, they illustrate clearly that some pol III-transcribed genes can recruit
RB and E2F at least as efficiently as a well-established target promoter of a gene that is
central to cell cycle control. The data provide evidence that E2F family members occupy
chromatin sites in close proximity to many tRNA genes, providing a likely explanation for
the observed recruitment of RB.
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3.4. RB May Be Recruited by E2F to 7SL and RMRP Genes

We extended our analyses to include the RMRP and 7SL RNA genes that require pol III
for their transcription because they are implicated in carcinogenesis. RMRP is a non-coding
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RNA of 267 nucleotides that promotes cell cycle progression and proliferation [82,83,85]. It
contributes to the processing of pre-rRNA and also associates with the catalytic subunit of
telomerase to form an RNA-dependent RNA polymerase [83,107–110]. Germline loss of the
RMRP gene can cause an inherited syndrome involving compromised growth [111,112]. The
RMRP gene undergoes focal amplification in several tumor types and somatic mutations
in its promoter lead to elevated expression in breast cancers [84,86]. A peak of E2F1
occupancy occurs at the RMRP gene in RPE1 retinal cells and this co-localizes with a
site of RB recruitment (Figure 9A). The RB∆cdk mutant is recruited more strongly than
wild-type RB, consistent with the ability of CDK-mediated phosphorylation to inhibit
its binding to E2F [30]. ChIP-Atlas shows that the RMRP gene is bound by E2F1 in ten
additional cell types besides RPE1 and is also bound by E2F4 and E2F5 in K562 cells
(Supplementary Figure S4). In addition, this gene is bound in IMR90 cells by p107, which
interacts preferentially with E2F4 [12].
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7SL is a 300 nucleotide non-coding RNA scaffold for the signal recognition particle
which directs nascent secreted proteins to the endoplasmic reticulum [113]. Analysis of
multiple specimens from 19 types of cancer revealed consistently elevated expression of
7SL RNA relative to healthy tissue from the same patients [114]. This may impact p53
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expression, as translation of p53 mRNA can be suppressed by its hybridization to 7SL
RNA [115]. This non-coding RNA has also been demonstrated to promote inflammatory
responses in breast cancer; after transmission in exosomes from stromal to malignant cells,
7SL RNA activates the RIG-1 pattern recognition receptor, which induces immune cell
infiltration and influences tumor growth and metastasis, as well as therapy resistance [81].
Clear peaks of RB that coincide with E2F1 can be found at the RN7SL1 and RN7SL2 genes
in RPE1 cells, whereas binding at the RN7SL3 gene is close to background (Figure 9B,C).
RB and E2F1 are also found at RN7SL1 and RN7SL2 in K562 cells, where E2F4 and E2F5
also bind RN7SL2 (Supplementary Figure S5). In contrast, RB is not detected at the RN7SL3
gene in any of the ChIP-Atlas datasets, despite being bound by E2F1 in MCF7 and HMEC
breast cells. These observations provide further evidence that the recruitment of RB to
pol III-transcribed genes is selective, in contrast to the general repression mediated by its
binding to TFIIIB.

4. Discussion

It has been well documented that RB can repress the pol III-mediated synthesis of
non-coding RNAs both in vitro and in vivo [48]. This control has been attributed to its
interaction with TFIIIB, the ubiquitous factor responsible for recruiting pol III to all of
its transcription templates, although additional interactions with ancillary factors TFIIIC
and SNAPc have also been reported [39–45]. Our analysis of multiple ChIP-seq datasets
provides evidence that RB may, in addition, act on subsets of pol III-dependent genes
through its recruitment by DNA-bound E2F, thereby supplementing the control exerted
through TFIIIB. This hypothesis is based on extensive correlative data, demonstrating that
RB and E2F occupy overlapping sites at hundreds of tRNA genes in multiple cell types and
that the strength of RB binding at these sites correlates with that of E2F. Given the abundant
evidence that E2F binds directly to RB and recruits it to genomic sites, it seems likely that
this is also the case at pol III-transcribed genes. However, definitive proof will require
experimental manipulation to establish if E2F is indeed responsible for the RB recruitment
identified here. It is likely that other transcription factors besides E2F contribute in at least
some cases, given the large number that have been demonstrated to bind to RB [35,36].

We speculate that E2F-mediated control could provide much greater regulatory flexibil-
ity than repression through TFIIIB. As all pol III transcription requires TFIIIB, its interaction
with RB is expected to dampen the expression of all templates, although weaker promoters
may be more readily inhibited than strong ones. In contrast, E2F binding is only detected
at subsets of pol III-transcribed genes, providing potential for gene-selective control. When
tethered to specific promoters by E2F, RB can recruit epigenetic regulators that establish
chromatin states that are refractory to transcription [15–29]. Epigenetic repressors recruited
by RB include histone deacetylases and the H3K9 methylase SUV39H1 [19,20,24,25], which
have been shown to inhibit transcription by pol III [91,116]. We envisage that distinct levels
of control may be mediated by RB: (1) a restraining effect on the production of all pol III
products through interactions with TFIIIB that prevent its recruitment to promoters, as
originally suggested [91]; and (2) the selective repression of subsets of pol III-transcribed
genes with nearby binding sites for E2F, which may then be subject to epigenetic silencing
via locally tethered RB (Figure 10). The interactions with TFIIIB offer a mechanism by
which to restrict cell growth by reducing the availability of the essential components of cells’
biosynthetic machinery, including tRNA, 5S rRNA and 7SL RNA. In contrast, selective
control of individual genes via E2F may allow cells to fine-tune and optimize relative levels
of specific products according to circumstances.
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Figure 10. Schematic representation of revised model of Pol III repression by RB. When dephospho-

rylated, RB can associate with TFIIIB, blocking its interaction with TFIIIC and pol III to preclude

formation of the preinitiation complex. In this way, RB can dampen transcription of all pol III-

dependent genes with internal promoters (bottom left). However, RB can also be tethered to the

promoters of a subset of these genes by E2F (bottom right), providing potential for additional

gene-targeted control. These interactions are released when RB is phosphorylated (top).

Many studies have demonstrated that relative changes in the expression or activity
of a particular tRNA can result in codon-biased reprogramming of the translatome such
that mRNAs enriched in a cognate codon are differentially regulated [51,54,70,76,117,118].
As well as selectively adjusting relative rates of translation, the abundance of a tRNA can
also impact the stability of mRNAs enriched in its cognate codon(s) [70,119]. Although
the synthesis of most tRNAs is elevated in proliferating cells, a subset is down-regulated
under these conditions and instead becomes induced during cell differentiation; the an-
ticodons of these tRNAs match codons that are enriched in mRNAs induced under the
same conditions [120]. Similarly, many of the mRNAs and tRNAs induced most strongly
during growth and proliferation display codon/anticodon correlations consistent with
optimization of translational efficiency [120].

Much is now known about mechanisms controlling the overall output of pol III, such
as the interaction of TFIIIB with RB in resting cells and with MYC in growing cells [48,51],
but mechanisms contributing to the differential regulation of tRNA genes have yet to be
dissected in most cases [121]. SOX4 provides one of the few examples identified to date, as it
was found, when overexpressed in glioblastoma cells, to bind 126 tRNA genes and diminish
their ability to recruit TFIIIB and hence pol III, resulting in selective repression [122]. Our
discovery of E2F, RB and p130 binding in close proximity to subsets of tRNA genes suggests
additional ways in which differential control may be achieved. For example, the binding of
RB above the threshold is only detected at 29% of tRNA genes in quiescent IMR90 cells.
Furthermore, despite the considerable overlap between tRNA genes occupied by RB in
growing, quiescent and senescent IMR90 cells, there are also subsets of targets that are only
bound above the threshold under one or two of these conditions (Figure 3D).

E2F4 and E2F5 are classified as “repressive” E2Fs and are considered of particular
importance for inducing cell cycle exit and terminal differentiation [12]. In contrast, E2F1
is classified as “activating” and has a region that is capable of stimulating transcription
when released from binding to RB after the G1/S transition [12]. This raises the question
of whether it may stimulate expression of pol III products during S and G2 phases, when
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transcription by pol III is maximal [123]. In the case of canonical pol II-dependent target
genes, E2F1 was shown to activate transcription through interactions with TFIIA and TAF
subunits of TFIID [23]. As these are not used by tRNA genes, the activation domain of
E2F1 may have little or no influence in this context, other than as a means to recruit RB.
However, interactions with components of the pol III machinery remain a possibility.

Genes involved in DNA replication and cell cycle regulation, as well as repair of DNA
damage, are highly enriched amongst genomic E2F targets [13]. In addition, RB can also be
recruited by E2F to many genes involved in RNA metabolism and ribosome biogenesis [101].
Co-regulation of such genes with pol III transcription is consistent with the peak of pol
III output in S and G2 phases [43,123] and the essential roles in ribosome assembly and
function of 5S rRNA, tRNA and 7SL RNA, the most abundant pol III products.

5. Conclusions

Analysis of ChIP-seq data has revealed the presence of RB at a subset of pol III-
transcribed genes in a variety of human cell types, including fibroblasts and retinal epithelial
cells. This localization is contrary to predictions based on the prevailing model of pol III
transcriptional repression by RB. An explanation is offered via the additional discovery
that most of these RB-binding sites overlap with positions occupied in the same cells by
E2F, the factor most widely associated with the tethering of RB to specific loci. E2F has
not previously been linked with large numbers of pol III-dependent genes. The three most
prominent members of the E2F family were all found in close proximity to many tRNA
genes, with substantial overlap in the sites targeted, but also examples that are occupied more
selectively by individual family members. We propose a model in which RB operates at two
levels to influence the synthesis of non-coding RNAs by pol III: (1) general dampening of all
output as a restraining influence on cell growth; (2) differential tethering to subsets of genes
to achieve more discriminatory effects. Loss of such controls when RB becomes inactivated
can be expected to contribute to the overall increase in expression of pol III products observed
in most cancers, which, in certain cases, may promote cancer progression.

Supplementary Materials: The following supporting information can be downloaded at https:

//www.mdpi.com/article/10.3390/cancers16030481/s1: Figure S1: p107 associates specifically with

a subset of tRNA genes in IMR90 cells. Figure S2: Most tRNA genes that associate with RB above

threshold are common between BJ and IMR90 lines of human diploid fibroblasts. Figure S3: ChIP-

Atlas peak-call data for RB and E2F factors at a tRNA gene. Figure S4: ChIP-Atlas peak-call data for

RB and E2F factors at the RMRP gene. Figure S5: ChIP-Atlas peak-call data for RB and E2F factors at

two 7SL genes.
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