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A global function for transcription factors in assisting RNA polymerase Il

termination
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Department of Chemistry and Biochemistry and the Molecular Biology Institute, University of California Los Angeles, CA, USA

ABSTRACT

The role of transcription factors (TFs) on nucleosome positioning, RNA polymerase recruitment, and
transcription initiation has been extensively characterized. Here, we propose that a subset of TFs
such as Reb1, Abf1, Rap1, and TFIIIB also serve a major function in partitioning transcription units by

assisting the Nrd1p-Nab3p-Sen1p Pol Il termination pathway.

Introduction: Pervasive transcription
and the role of the NNS termination pathway

A large fraction of eukaryotic genomes is transcribed
by RNA polymerase II, yet the large majority of these
transcripts do not encode any known functional pro-
teins and likely have no functional role. The pervasive
nature of Pol II transcription appears to be a conse-
quence of the intrinsic ability of Pol II to initiate tran-
scription at nucleosome-depleted regions (NDRs). As
NDRs are found throughout the genome, eukaryotes
have evolved means of limiting the impact of pervasive
transcription. For instance, specific mechanisms have
emerged for early termination of transcription or to
ensure the rapid degradation of these apparently non-
functional RNAs. Most of the mechanisms identified
to date involve the recognition of signals in the
nascent RNA by trans-acting RNA-binding proteins.
In metazoan genes, cryptic polyadenylation signals are
frequently found upstream of protein-coding genes
and couple Pol II transcription termination to degra-
dation of nascent transcripts termed PROMoter
uPstream Transcripts (PROMPTs)."! In fungi, the
Nrd1p-Nab3p-Senlp (NNS) termination pathway” is
responsible for taming the majority of pervasive tran-
scription, and also is responsible for termination of
stable ncRNAs.*> Following termination by the NNS
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pathway, the RNA 3’-ends are oligoadenylated by the
TRAMP complex, and trimmed or fully degraded by
the nuclear RNA exosome. Because the signals recog-
nized by the NNS machinery involve tetrameric motifs
with some degree of degeneracy,” virtually all protein-
coding transcripts contain multiple NNS motifs, and
therefore it has not been completely clear how the
specificity of this pathway is achieved in vivo.

Known functions of general regulatory factors
(GRFs)

What specifies the arrangement of nucleosomes on
DNA? While some degree of nucleosome positioning
can be explained by the intrinsic DNA sequence pref-
erence for nucleosomes,” a group of DNA-binding
proteins termed general regulatory factors (GRFs)
exert a broad influence on chromatin structure.® Com-
parison of nucleosome occupancy in vivo to genomic
DNA packaged with reconstituted histones in vitro (in
the absence of GRFs) revealed significant differences
around GRF binding sites genome-wide, with deple-
tion of nucleosomes at GRF sites in vivo and a phasing
of the adjacent nucleosomes into well-positioned
arrays.” GRFs, defined by their ability to outcompete
nucleosomes for DNA binding, their essentiality, and
by an abundance of their binding sites in genomes, are
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also responsible for partitioning chromosomes into
distinct transcriptional units by acting as insulators.’
In budding yeast, three major GRFs (Abflp, Reblp,
and Raplp) provide key functions in promoting chro-
matin structure by establishing nucleosome free
regions.”®” GRFs also play a major role in defining
the functional architecture of specific promoters, and
their role in structuring chromatin can be recapitu-
lated in vitro in a purified system.” Interestingly, GRFs
exhibit little intrinsic ability to activate Pol II tran-
scription on their own, but instead function to amplify
the activating effect of proximally-bound activator
proteins, explaining how the same GRF can activate
some genes while repressing others.'” In addition to
promoting the formation of nucleosome-free regions
for transcriptional activation, these proteins moon-
light in other DNA-based transactions. For example,
Abflp and Raplp both function in DNA repair, repli-
cation, and transcriptional silencing.'"'*'* Originally
characterized for its role in RNA polymerase I tran-
scription of the ribosomal RNAs,* Reblp was also
recently shown to promote roadblock termination of
Pol II in a mechanism that was suggested to use
ubiquitylation of the polymerase.'®

The NNS termination pathway uses GRFs
and TFIIIB to roadblock pol Il and promote pol Il
release from the chromatin

Sequencing of the 3’-ends of RNAs that accumulate in
strains inactivated for components of the nuclear exo-
some allowed us to identify at the nucleotide level sites
of NNS termination genome-wide in Saccharomyces
cerevisiae."® Using this strategy, we found that sites of
NNS termination can be divided into two classes:
those showing a diffuse pattern, with 3’-ends scattered
throughout a region spanning dozens to hundreds of
nucleotides, and those exhibiting punctuated peaks,
with 3'-ends accumulating within a very narrow win-
dow of several nucleotides, suggesting that Pol II ter-
minates at well-defined locations for these loci
(Fig. 1). Analysis of genomic elements located near
these sites showed that they corresponded precisely to
the distance between the active site of Pol II and the
boundaries of binding sites for the GRFs Reblp,
Raplp, and Abflp, as well as the Pol III transcription
factor TFIIIB.'® These observations led to the idea that
these proteins can physically block Pol II progression
and assist the NNS pathway in promoting Pol II

termination, extending the roadblocking model ini-
tially proposed for Reblp."” The observation that
TFIIIB can physically roadblock Pol II also provided a
mechanistic model to support previous observations
that inactivating TFIIIB or Pol III transcription led to
an increase of intergenic transcription by Pol IL.'”"'®

High-resolution analysis of the sites of NNS termi-
nation relied on the sequencing of polyadenylated
RNA 3’-ends in strains inactivated for exosome com-
ponents. Thus, it could be argued that RNA 3’-ends
accumulating in exosome mutants may not corre-
spond to bona fide sites of NNS termination, especially
considering that some of the exosome components
may be implicated in termination.'” To confirm that
the 3’-ends stabilized in exosome mutants correspond
to sites of Pol II roadblock termination, we analyzed
nascent elongating transcript (NET)-seq 3'-ends
obtained after inactivation of the TFIIS factor Dstl,
which marks the site of pausing of Pol I1.>° Upon
encountering obstacles in the template, Pol II pauses
and can backtrack several nucleotides, leaving a pro-
truded 3’ end and repositioning the active site of Pol
IT over an upstream phosphodiester bond. TFIIS then
stimulates the intrinsic hydrolytic activity of Pol II on
this phosphodiester bond and thus inactivating TFIIS
reveals the location of the initial pause site.>' These
pause sites mapped precisely to the 3'-ends stabilized
in exosome mutants, indicating that paused rather
than backtracked Pol II is the preferred state of
NNS-mediated release. Finally, the sites of NNS termi-
nation mapped by 3’-end sequencing globally matched
with those identified in previous studies using Photo-
activatable Ribonucleoside-Enhanced = Crosslinking
and Immunoprecipitation (PAR-CLIP) and Pol II
ChIP.*** Thus, inactivating the nuclear exosome fol-
lowed by 3'-end sequencing offers a valuable strategy
to identify sites of NNS termination genome-wide and
provides a higher-resolution view of the actual termi-
nation sites.

Interestingly, the NNS pathway and transcription
factors (TFs) that roadblock Pol II seemed to play a
synergistic function to promote Pol II termination.
For instance, removing the binding site for proteins
that roadblock Pol II led to a switch of the termination
pattern from punctuate to diffuse; reciprocally, inacti-
vating the NNS pathway resulted in Pol II reading
through the sites of GRF binding and in the use of
downstream polyA signals to promote termination.
This functional synergy between the NNS pathway
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Figure 1. The role of the Nrd1-Nab3-Sen1 (NNS) pathway in regulating the transcriptome. (A) Overall, ORF transcripts (ORF-Ts) in yeast
are statistically under-enriched for NNS motifs, in particular the extended Nab3 motif UCUUG. The presence of NNS motifs on the anti-
sense strand promotes early termination of antisense cryptic transcription (green Pol Il) to minimize transcriptional interference on the
ORF-T promoter. NNS-terminated transcripts are degraded by the combined action of TRAMP and the nuclear exosome (orange Pac-
Man). (B) Medium and high levels of NNS motifs promote the release of Pol Il paused at general regulatory factor (GRF) binding sites by
roadblock-dependent, punctuated NNS termination (top panel). In the absence of GRFs, medium levels of NNS signals result in ineffi-

cient and diffuse termination by the NNS pathway (bottom panel).

and roadblock-promoting TFs was also revealed by a
genome-wide analysis of Pol II behavior at GRF bind-
ing sites, as GREF sites that function as roadblocks were
found to be enriched for upstream NNS signals rela-
tive to those that do not function as roadblocks. Thus,
the NNS pathway dictates the fate of Pol II collisions
with GRFs, and a lack of NNS signals upstream GRF
binding sites enables Pol II to read through roadblocks
(Fig. 2). Furthermore, we found that in the context of
upstream convergent transcription, the function of the
Reblp binding site in maintaining transcriptional
activity of a downstream gene depended on an intact
NNS pathway terminating transcription at the Reblp
site. In this manner, one can view the NNS pathway as
modulating GRF function by controlling the ability of
Pol II to evict GRFs and thereby influencing GRF
chromatin modifying behavior. These findings show

that the GRFs Rebl, Rapl, and Abfl and TFIIIB play
major roles in limiting intergenic transcription and
readthrough by Pol II when it initiates from ncRNA
transcription units or intergenic regions. Thus, these
TFs not only define promoters by establishing nucleo-
some-free regions, but they also establish boundaries
for upstream transcription units by promoting the
pausing and release of Pol II through the NNS
pathway.

Studies of pervasive Pol II termination in yeast are
aided by the fact that the NNS pathway releases the
terminally transcribed nucleotide, and this nucleotide
can be sequenced by stabilizing the RNAs normally
degraded by the nuclear exosome. In contrast, 3'-end
processing of pervasive transcripts in human cells
appears to rely exclusively on the cleavage and polya-
denylation apparatus (e.g. for PROMPTs), such that
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Figure 2. The fate of collisions between Pol Il and GRFs is dictated by the level of NNS signals in the nascent RNA. High levels of NNS sig-
nals result in sensitization of Pol Il to chromatin roadblocks, and an inability to evict GRFs (top panel, legend as in Fig. 1). Low levels of
NNS endow Pol Il with increased stability and a lower tendency for termination (bottom panel). This results in the eventual eviction of
GRFs by Pol Il, and resumed transcriptional elongation that can interfere with transcription initiation at the downstream promoter.

the terminally transcribed nucleotide is part of the 3'-
cleavage product, which also harbors a destabilizing
5’-phosphate. Therefore, dissecting how DNA-bound
proteins assist termination in human cells may require
other techniques to afford high-resolution analysis of
transcription termination sites. For example, data
from PAR-CLIP or NET-seq of Pol II could be ana-
lyzed for enrichment of Pol II-associated transcript 3'-
ends proximally upstream of protein binding sites.
Artificial removal of these binding sites could then
reveal the effect of these roadblocks on 3’-end forma-
tion and Pol II transcriptional interference into down-
stream units.

Why do GRFs and TFIlIB promote roadblocking
of RNA and DNA polymerases?

It is not completely clear why Reblp, Raplp, Abflp
and TFIIIB are able to promote Pol II release by the
NNS pathway, while other TFs do not seem to be able
to roadblock Pol II. Interestingly, the exact same set of
proteins was shown to promote DNA polymerase
delta (Pol 6) termination during lagging strand syn-
thesis.”* The three GRFs Reblp, Abflp, and Raplp
rank in the top 10% of proteins by abundance, with
Reblp being almost twice as abundant as Raplp and
Abflp and having reported abundances ranging from

2533 to 7510 protein molecules per cell.*>*® Not all
GREFs function as roadblocks, as substitution of a Reb1
roadblock at a model NNS target locus by several
other well-characterized GRF binding sites (Tbflp,
Mcmlp, or Cbflp) revealed that none of these could
roadblock Pol II, while substituting a Raplp site
restored termination.'® This difference cannot be
explained by protein abundance alone, as Mcm1p and
Cbflp are similar in abundance to Raplp.”” We also
note that artificial removal of TFIIIB from Pol III pro-
moters revealed the ability of TFIIIC to roadblock Pol
1'% however, it appears that this is rare in vivo and
that nearly all tRNA promoters roadblock Pol II using
TFIIIB alone. Thus, a common, yet highly specific set
of roadblocking proteins act on both RNA and DNA
polymerases to promote pausing and termination.
Why only these proteins? One possibility is that the
rate of binding and dissociation of these factors is
such that they are so stably bound to the DNA (i.e. a
fast on-rate and slow off-rate) that they can provide a
physical block to Pol II or Pol § progression, while
other factors cannot. In the case of Pol §, rapid bind-
ing of GRFs would be essential for their roadblocking
function as the Okazaki fragment synthesis occurs
shortly after replication fork progression. In support
of this hypothesis was the observation that the dynam-
ics of Raplp binding were strongly correlated to its



roadblocking behavior; for instance, sites where Raplp
promotes the roadblocking of Pol II were associated
with longer residence time, as measured in a previous
study.?® Although we do not know whether this model
also applies to other GRFs and to TFIIIB, it is tempt-
ing to speculate that the residence time for other
GRFs is a strong indicator of their ability to promote
roadblock. It is also possible that the mode of binding,
and not just the residence time may have an impact
on the behavior of the polymerase. Binding of TFs
that promote roadblocks could be associated with a
particular distortion of the geometry of the DNA,
leading to topological constraints that may impede the
progress of both DNA and RNA polymerases. Aside
from these hypotheses, it is possible that other TFs
can also physically block Pol II, but that the binding of
these proteins was not significant or stable enough in
the conditions used in our experiments to influence
the behavior of RNA polymerase. Analysis of nuclear
exosome targeted 3'-ends in non-standard growth cul-
ture conditions may lead to the identification of other
TFs that can promote Pol II pausing, leading to termi-
nation by the NNS pathway.

The roadblock model for promoting pausing and
termination of Pol II in S. cerevisiae may potentially
extend to other RNA polymerases and organisms. For
instance, it was shown that Nsilp, a Reblp-homolog
is required for efficient termination of transcription
by RNA polymerase I at the rDNA loci.*” Although
the mechanisms of transcription termination of Pol I
and that of Pol II termination by the NNS pathway
differ substantially, the similarities between Reblp
and Nsilp make it tempting to speculate that the bind-
ing of Nsilp may provide a roadblock mechanism to
promote the pausing of Pol I and its release from the
rDNA terminator region. The results we obtained in
S. cerevisiae might also be relevant to transcriptional
control in higher eukaryotes. With regards to road-
block termination in human cells, the MAZ protein
was shown to promote termination between closely
spaced genes by binding to its GsAG, consensus
sequence.”® However, it is not clear how widespread
MAZ-assisted termination is across the human tran-
scriptome and this function might be limited to closely
spaced genes. Interestingly, CTCF is the closest analog
of a GRF in human cells, and it is tempting to specu-
late that it may provide assistance to Pol II termina-
tion at some loci in human cells.® Overall, our study
underscores the notion that Pol II dynamics are
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governed by cooperation between cis-acting RNA sig-
nals and chromatin obstacles, and it is likely that fur-
ther examples of this cooperation in other model
systems will emerge in future studies.
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