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Research

Common genomic elements promote transcriptional
and DNA replication roadblocks

Kevin Roy,'? Jason Gabunilas,’ Abigail Gillespie,' Duy Ngo,' and Guillaume

F. Chanfreau'-?

7De‘partment of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, California 90095-1569, USA;
2Molecular Biology Institute, University of California, Los Angeles, Los Angeles, California 90095-1570, USA

RNA polymerase Il (Pol ) transcription termination by the Nrdlp-Nab3p-Senlp (NNS) pathway is critical for the produc-
tion of stable noncoding RNAs and the control of pervasive transcription in Saccharomyces cerevisiae. To uncover determinants
of NNS termination, we mapped the 3’-ends of NNS-terminated transcripts genome-wide. We found that nucleosomes and
specific DNA-binding proteins, including the general regulatory factors (GRFs) Reblp, Raplp, and Abflp, and Pol Il tran-
scription factors enhance the efficiency of NNS termination by physically blocking Pol Il progression. The same DNA-
bound factors that promote NNS termination were shown previously to define the 3’-ends of Okazaki fragments synthe-
sized by Pol & during DNA replication. Reduced binding of these factors results in defective NNS termination and Pol Il
readthrough. Furthermore, inactivating NNS enables Pol Il elongation through these roadblocks, demonstrating that effec-
tive Pol Il termination depends on a synergy between the NNS machinery and obstacles in chromatin. Consistent with this
finding, loci exhibiting Pol Il readthrough at GRF binding sites are depleted for upstream NNS signals. Overall, these results
underscore how RNA termination signals influence the behavior of Pol Il at chromatin obstacles, and establish that common

genomic elements define boundaries for both DNA and RNA synthesis machineries.

[Supplemental material is available for this article.]

Partitioning the genome into functional genes depends on the rec-
ognition of transcription initiation and termination sites by RNA
polymerase II (Pol II). Pol II transcription initiation is largely spec-
ified by the establishment of nucleosome-depleted regions (NDRs)
(Neil et al. 2009; Venters and Pugh 2009; Xu et al. 2009). In con-
trast, Pol II transcription termination is directed by signals in the
nascent RNA that recruit termination factors (Steinmetz et al.
2001; Proudfoot 2011). The subsequent interaction of termination
factors with Pol II promotes conformational changes that trigger
Pol II release (Richard and Manley 2009; Skourti-Stathaki et al.
2011; Zhang et al. 2015). Transcription termination plays impor-
tant roles in preventing transcriptional interference, in recycling
Pol 1I for subsequent rounds of transcription, and in promoting
gene loop formation (Grzechnik et al. 2014). The coupling of tran-
scriptional termination with 3’-end processing also influences
RNA stability and nuclear export (Porrua and Libri 2015).

In the yeast Saccharomyces cerevisiae, two primary termination
pathways exist for Pol II: the canonical mRNA cleavage and poly-
adenylation (CPA) pathway and the Nrd1p-Nab3p-Senlp (NNS)
termination pathway, which functions in the termination of sta-
ble ncRNAs and cryptic transcripts (Wyers et al. 2005). Nrd1p
and Nab3p recognize tetrameric motifs in the nascent RNA and re-
cruit the Sen1p helicase, whose subsequent interaction with Pol II
promotes termination (Steinmetz et al. 2001; Carroll et al. 2007).
The NNS pathway has been shown to terminate transcription
across broad genomic windows of ill-defined length, resulting in
widely heterogeneous 3’-ends (Wyers et al. 2005). Recent work
demonstrated existence of a kinetic competition between Pol II
elongation and Senlp-mediated termination (Hazelbaker et al.
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2013). In addition, two other termination pathways have been de-
scribed. The first involves cotranscriptional RNA cleavage by the
yeast RNase III homolog Rnt1p followed by destabilization of Pol
II by the Ratlp exonuclease (Ghazal et al. 2009; Rondén et al.
2009). The second involves the DNA-binding protein Reblp,
which triggers roadblock-dependent termination of RNA Pol II in
a mechanism proposed to involve RspSp-mediated ubiquitylation
of Pol II (Colin et al. 2014). The generality of this mechanism as
well as why a substantial fraction of Reb1p binding sites do not ap-
pear to roadblock Pol II remains to be established.

The 3’-ends of nascent RNAs released by the NNS and Rnt1p-
mediated termination pathways are targeted for trimming or deg-
radation by the combined action of the Trf4p-Air2p-Mtr4p polya-
denylation (TRAMP) complex and the nuclear exosome (LaCava
etal. 2005; Vanacova et al. 2005; Wyers et al. 2005). Previous tiling
array and RNA-seq studies utilized cells deficient for nuclear exo-
some function and characterized broad genomic regions of up-reg-
ulation to identify NNS-targeted transcripts. These studies lacked
the resolution to identify precise 3’-ends generated by NNS termi-
nation, and it is currently unknown how NNS directs the release of
Pol II at specific termination sites. As NNS signals are tetrameric
motifs present in virtually all Pol II transcripts, we reasoned there
might be additional determinants controlling NNS specificity. To
address these questions, we profiled the sites of NNS termination
genome-wide by sequencing 3’-ends of transcripts after nuclear
exosome inactivation.

© 2016 Roy et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date (see
http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is avail-
able under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http://creativecommons.org/licenses/by-nc/
4.0/.

26:1363-1375 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/16; www.genome.org

Genome Research 1363

www.genome.org


mailto:guillom@chem.ucla.edu
mailto:guillom@chem.ucla.edu
mailto:guillom@chem.ucla.edu
http://www.genome.org/cgi/doi/10.1101/gr.204776.116
http://www.genome.org/cgi/doi/10.1101/gr.204776.116
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml

Roy et al.

Results

Genome-wide distribution of nuclear-exosome targeted
poly(A)* RNA 3'-ends (xPATs)

In the absence of the Rrp6p exonuclease, RNA Pol II transcripts ter-
minated by the NNS pathway accumulate as polyadenylated spe-
cies (Wyers et al. 2005). To globally map NNS termination sites,
we profiled 3’-ends of poly(A)" RNAs in wild-type (WT) cells and
cells carrying a deletion of RRP6 (rrp6A) using oligo-d(T)-based
3’-end sequencing (see Methods) (Fig. 1A). In accordance with pre-
vious studies, >90% of poly(A)* tags (PATs) in WT cells mapped to
3" UTRs (Fig. 1B; Ozsolak et al. 2009; Pelechano et al. 2013;
Wilkening et al. 2013). RRP6 deletion increased PATs from known
NNS targets, including cryptic unstable transcripts (CUTs), stable
unannotated transcripts (SUTs), and Xrn1-sensitive unstable tran-
scripts (XUTs) (Fig. 1B; Neil et al. 2009; Schneider et al. 2012; Webb
et al. 2014). Overall, 8956 PATs up-regulated greater than or equal

to fivefold in rrp6A over WT clustered into 1207 distinct regions
(minimum of two reads per million [rpm]; see Methods)
(Supplemental Table S1). A substantial fraction of these clusters
arose from unannotated intergenic regions, indicating cryptic
transcription products not captured by previous studies, possibly
due to more sensitive detection of shorter transcripts by 3'-end se-
quencing than standard RNA-seq. We also identified numerous
clusters in CUTs and snoRNA precursors, consistent with Rrp6p’s
role in degrading and processing these distinct classes of tran-
scripts, respectively.

The majority of snoRNA transcription units undergo NNS ter-
mination followed by exosome trimming (Carroll et al. 2004). In
rp6A, snoRNAs accumulate poly(A)* 3'-extensions corresponding
to processing intermediates and unprocessed NNS termination
products (Allmang et al. 1999; van Hoof et al. 2000; Grzechnik
and Kufel 2008). Meta-analysis of all snoRNA downstream regions
revealed a broad window of PATs with the characteristic hetero-

geneous lengths generated by NNS termi-
nation (Supplemental Fig. S1), consistent
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Figure 1. Distribution of poly(A)* RNA 3’-end tags (PATs) upon inactivation of the nuclear exosome.
(A) Strategy for mapping 3’-ends of RNAs targeted by the nuclear exosome. (B) Global distribution of
PATs in WT and rrp6A. PATs mapping to the indicated regions were tallied and grouped by the indicated
genomic annotations. (C) Global distribution of PATs upon nuclear depletion of Rrp6p or codepletion of
Rrp6p and Dis3p by the anchor away system. (D) Distribution of PATs clusters up-regulated in RRP6-FRB

and RRP6/DIS3-FRB strains relative to WT (see Methods).

_
0 100 200 300 400 500 600 700 800 900 1000 1100
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2008). One hour of Rrp6p depletion re-
sulted in a substantial increase in PATs
from non-3’ UTRs, while codepletion of
Rrp6p and Dis3p resulted in further in-
crease (Fig. 1C). Rrp6p depletion resulted
in 11,881 up-regulated PATs clustering
into 3247 regions, while Rrp6p/Dis3p
depletion resulted in 17,690 wup-
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regulated PATs (nuclear-exosome targeted PATs, or xPATS) cluster-
ing into 3316 regions (Fig. 1D; Supplemental Table S1).
Importantly, Rrp6p nuclear depletion resulted in the same +25
nt snoRNA peak detected in rrp6A (Supplemental Fig. S1C). This
peak was markedly reduced by codepletion of Dis3p, confirming
that it represents a Dis3p-dependent processing intermediate.
For the remainder of this study, we analyzed xPATs accumulating
from combined Rrp6p/Dis3p nuclear depletion to minimize levels
of Dis3p-dependent processing intermediates and to enrich for pri-
mary products of NNS termination.

XPATs provide a high-resolution view of NNS termination sites

Next we tested the prediction that xPATs mark the actual sites of
NNS termination. We analyzed snoRNA xPATs in greater detail,
as snoRNA transcription units exhibit the most well-characterized
NNS terminators (Carroll et al. 2004; Tudek et al. 2014). To inacti-
vate NNS termination, we depleted the Senlp helicase from the
nucleus in addition to Rrp6p and mapped xPATs in a 1-kb window
downstream (Fig. 2A). Ignoring the mature 3’-end and +25-nt pro-
cessing peaks, nuclear depletion of either Rrp6p or both Rrp6p and
Dis3p led to a similar xPATs pattern (Fig. 24, i and ii; Supplemental
Fig. S2). Codepletion of Sen1p and Rrp6p led to a loss of the xPATs
centered around +300 nt and to an increase in signal further down-
stream, confirming that xPATs downstream from snoRNAs are
generated by NNS. Importantly, the mature 3'-end and +25 nt pro-
cessing peaks were not reduced by Senlp depletion but rather
slightly increased (Fig. 2A, i).

A recent report implicated a role for Rrp6p in promoting ter-
mination of a subset of NNS terminators (Fox et al. 2015). The
mechanistic basis for this phenomenon was not elucidated, and
it was not clear how the deletion of RRP6 affected termina-
tion globally. To rule out potential indirect effects of nuclear exo-
some inactivation on termination, we incorporated data from
previous studies that mapped regions of NNS termination, by se-
quencing either RNA bound to Pol II (PAR-CLIP of the Pol II sub-
unit Rpb2p), or DNA bound to Pol II (ChIP-seq of the Pol II
subunit Rpb3p), respectively (Schulz et al. 2013; Schaughency
et al. 2014). These studies identified locations where Pol II signal
increased upon nuclear depletion of Nrdlp to infer regions in
which NNS termination normally occurs. By meta-analysis, we
confirmed that Nrd1p depletion resulted in an increase in Pol II
PAR-CLIP and ChIP-seq in the snoRNA termination regions,
with the PAR-CLIP signal generally dropping more rapidly in the
3’ region than the ChIP-seq signal (Fig. 24, ii and iii). Importantly,
the majority of XxPAT peaks coincided with the major increase in
Pol II occupancy upon Nrdlp depletion, with closer agreement
to the ChIP-seq data (Fig. 24, ii). Analysis of individual examples
showed that the xPATs reside in between the termination sites
inferred in these previous studies (Supplemental Fig. S2). Notably,
>70% of the termination sites reported by Pol II PAR-CLIP were
>100 bp upstream of those obtained by Pol II ChIP-seq (Schaugh-
ency etal. 2014), and 13 of the 45 termination sites determined by
PAR-CLIP were actually assigned inside the snoRNA genes (Supple-
mental Table S2). Based on the comparison to these previous data
sets, we conclude that xPATs provide an accurate location of the
sites of NNS termination in WT cells.

Prior to 3’-end trimming, NNS termination products acquire
short oligo(A) tails in the range of one to 12 adenosines; in the ab-
sence of nuclear exosome activity, these tails are lengthened to >20
nt by sequential rounds of TRAMP activity (Wyers et al. 2005;
Egecioglu et al. 2006). To confirm that xPAT oligo(A) tails are in-

deed long enough to prime the oligo-d(T),s employed in our pro-
tocol, we subjected total RNA from WT and RRP6/DIS3-FRB to in
vitro polyadenylation, which universally added more than 100
adenosines (see Supplemental Methods). As expected, in vitro pol-
yadenylation resulted in the mature 3’-ends of snoRNAs dominat-
ing the signal (Supplemental Fig. S3, ii). Masking this signal
revealed remarkable consistency between xPATs detected with
and without in vitro polyadenylation (Supplemental Figs. S3, i
and iii, S2). This confirmed that in the absence of nuclear exosome
function, oligo(A) tails are lengthened sufficiently by TRAMP to
bind oligo-d(T) such that they provide an unbiased view of NNS
termination sites.

DNA-binding proteins and nucleosomes mark the sites of NNS
termination of snoRNA transcription

To better understand the determinants that specify the location
and width of the NNS termination window, we examined termina-
tion behavior at individual snoRNA genes. While the majority of
snoRNAs exhibited a broad window of termination, 13 of 52
snoRNA genes exhibited sharp termination peaks (Fig. 2A; central
panels). To explore the basis for these peaks, we asked whether any
DNA-binding proteins might impact termination and analyzed
these loci for the presence of DNase I-resistant sites (DRSs)
(Hesselberth et al. 2009). This revealed two distinct classes of ter-
mination profiles, depending on the presence or absence of DRSs
proximally downstream from xPAT clusters, designated as road-
blocked and nonroadblocked, respectively (Fig. 2A). The majority
of these roadblocks corresponded to binding sites for the three ge-
neral regulatory factors (GRFs): Reblp (SNRS, SNR48, SNR8O0,
SNR81, SNR85, SNR161), Raplp (SNR39b and SNR72), and Abflp
(SNR45). These initial observations suggested that the GRF class
of DNA-binding proteins might be important to promote NNS ter-
mination at specific loci.

To test whether snoRNA xPAT peaks upstream of DRSs are in-
deed generated by Pol Il collisions with GRFs, we analyzed nascent
elongating transcript sequencing (NET-seq) data, which identifies
the RNA 3’-ends associated with Pol II independent of post-tran-
scriptional stability (Churchman and Weissman 2011; Colin
et al. 2014). This revealed a build-up of paused Pol II in WT cells
proximally upstream of the major xPATs for SNR8 (Reblp road-
block) and SNR72 (Raplp roadblock) (Supplemental Fig. S4A).
Upon encountering transcriptional stalls, Pol II backtracks and
the exposed 3'-end of the transcript is cleaved by TFIIS (Izban
and Luse 1992). Inactivation of TFIIS (yeast Dstlp) thus reveals
the locations of the initial pause sites prior to backtracking (Sims
et al. 2004). xPAT peaks coincided precisely with NET-seq peaks
in dst1A cells, demonstrating that xPATs reveal roadblock-assisted
termination occurring in a normal context rather than artifacts of
exosome inactivation (Supplemental Fig. S2A). For SNRS, a second
prominent peak was detected 27 bp upstream of the major xPAT
peak located 12 bp upstream of the Reb1p site. The 27-bp distance
between these two xPAT peaks is remarkably consistent with in vi-
tro studies on colliding yeast Pol II elongation complexes, which
exhibit a 26- to 27-bp distance between active sites of the leading
and trailing Pol II (Saeki and Svejstrup 2009). This suggests that in
addition to DNA-binding proteins, a strongly arrested Pol II com-
plex can roadblock a trailing Pol II to promote termination in
vivo, and demonstrates that xPATs reveal Pol Il dynamics at nucle-
otide resolution.

Our findings that DNA-bound proteins can promote termina-
tion prompted us to examine the relationship between NNS
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Figure 2. Two distinct classes of NNS-dependent snoRNA transcription termination. (A) Pile-up analysis of a 900-bp region downstream from snoRNA
genes for all NNS-terminated snoRNAs (left), snoRNAs with RRP6/DIS3-FRB PAT (xPAT) cluster peaks associated with downstream DRS (roadblocked
snoRNAs; middle), and snoRNA xPAT cluster peaks without downstream DRS (nonroadblocked snoRNAs; right). (i,ii,iv) PATs for the indicated strains.
(i) Pol Il ChIP signal from NRD1-FRB strains in the absence (purple) or presence (green) of rapamycin, with the gray line indicating the log, ratio of rapa-
mycin treated over untreated cells. (iii) Pol Il occupancy as assayed by PAR-CLIP of Rpb2p for the indicated strains. (iv) The distribution of xPATs relative to
nucleosome occupancy. (iv, middle) DRS signal (dashed gray line) included. The y-axes for all plots represent normalized reads. (B) Pile-up analysis on the
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upper right (n=547).

termination and nucleosomes, which represent a ubiquitous ob-
stacle for Pol II (Carey et al. 2006; Teves et al. 2014). We analyzed
the regions downstream from snoRNAs for nucleosome occu-
pancies detected in vivo or after in vitro assembly (Kaplan et al.
2009). For the 39 nonroadblocked snoRNA genes, the peaks of
NNS termination coincided with a sharp increase in nucleosome
occupancy (Fig. 2A, iv). Importantly, nucleosome occupancy
downstream from NNS peaks is due to intrinsic sequence elements

and is not a consequence of Pol II transcription in vivo, as in vitro
nucleosome occupancy revealed the same enrichment. Examples
of nucleosome-correlated NNS termination sites are shown for
the model NNS targets SNR13 and NEL0O25¢, where termination
initiates in the first half of a highly occupied nucleosome
(Supplemental Fig. S5). Taken together, these observations suggest
that chromatin obstacles might generally enhance NNS termina-
tion by impeding Pol II progression.
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Nucleosomes and DNA-binding
proteins specify sites of NNS
termination genome-wide

Next we obtained a high-confidence set
of nonroadblocked NNS termination
sites by screening for xPAT clusters
down-regulated greater than or equal to
twofold upon nuclear depletion of
Senlp and lacking downstream DRS
(Fig. 2B). To further characterize the
behavior of Pol II termination at road-
blocked versus nonroadblocked NNS ter-
minators, we separated all xPAT clusters
according to the presence or absence of
DRSs downstream and compared them
to Pol II PAR-CLIP signal obtained after
Senlp or Nrdlp nuclear depletion in-
duced by 30 min of rapamycin treatment
followed by 15 min of crosslinking in the
same medium. Aligning nonroadblocked
XPAT clusters by their centers of mass
revealed a substantial increase in nucleo-
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on NNS termination (Fig. 2B). For non-
roadblocked xPATs, we observed a sharp
drop in Pol II levels at the cluster peaks,
consistent with these representing major
sites of NNS termination (Figs. 2B, 3A).
As a control, we analyzed all nuclear
exosome-insensitive PAT cluster peaks,
which should primarily correspond to
the canonical CPA sites. A gradual in- -
crease in Pol II occurred throughout the \9?9“'00 i
250 bp upstream of the PAT peak, consis- >
tent with the established pausing of Pol I
at the 3’-ends of genes (Glover-Cutter
etal. 2008; Nojima et al. 2015). However,
no additional increase in Pol II occurred
upon depletion of Senlp, consistent
with its dispensability for CPA-mediated
termination (Schaughency et al. 2014).
A slight increase in Pol II occurred
downstream from poly(A) sites upon
Nrd1lp depletion, but it is unclear if this
is due to a direct role of Nrd1p in CPA termination or to an indirect
consequence of Nrd1p inactivation (Fig. 3A).

Overall, 367 xPAT clusters were found within 20 bp upstream
of a DRS (Supplemental Table S1). Metasite analysis revealed a
build-up of Pol II coinciding with xPAT peaks, with a substantial
increase upon Nrd1p or Sen1p depletion (Fig. 3A). These data sug-
gest amodel in which DNA-binding proteins induce Pol I pausing
to promote NNS-mediated release of Pol II. In the absence of NNS,
Pol II remains roadblocked at these sites. To demonstrate that in-
creased Pol II upon Nrd1p or Senlp depletion is specific to NNS
termination sites, we analyzed WT PATs upstream of DRS. We ob-
served an increase in Pol II around the cluster peak suggestive of
pausing but with no additional effect of Nrd1p or Sen1p inactiva-
tion (Fig. 3A).

To uncover determinants directing roadblock-assisted NNS-
mediated termination, we analyzed the 250-bp window upstream
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Figure 3. Metasite analysis of nuclear exosome-targeted poly(A)* RNA 3’-end cluster peaks reveals two
distinct modes of NNS-dependent termination. (A) Pile-up analysis of PAT cluster peaks for all nuclear
exosome—targeted PAT (xPAT) clusters (top) and WT PATs insensitive to the nuclear exosome (bottom).
The PAT clusters are separated according to the absence (left) or presence (right) of DNase I-resistant sites
(DRS) within 20 bp downstream from the cluster peak. As the pile-up is aligned with PAT cluster peaks at
the zero-coordinate, overall PAT signal appears as a single sharp peak. (B) Motif enrichment upstream of
xPATSs relative to WT PATs. Sequences upstream of each peak were screened for the levels of motifs direct-
ing NNS-termination (Nab3p: CUUG, UCUU, UCUUG; Nrd1p: GUAG, UGUA), with reverse comple-
ments and the Hrplp/Nab4p motif UAUAUA as controls. The y-axis represents the log, fold
enrichment of each motif in the 250-bp region upstream of xPAT versus WT PAT cluster peaks.

of the PAT peaks for motifs enriched in xPATs relative to WT PATSs.
Regardless of the presence of a downstream DRS, motif discovery
revealed the extended Nab3p motit UCUUG as the most statisti-
cally enriched motif (P=9.7x107'° and 1.4 x107%, with and
without a downstream DRS, respectively) (Bailey 2011). This motif
has previously been shown to be enriched upstream of natural
NNS termination sites and is critical for termination of evolved
NNS substrates (Creamer et al. 2011; Porrua et al. 2012;
Schaughency et al. 2014). Analysis of the frequency of NNS motifs
revealed that UCUUG was more than twofold enriched upstream
of XxPATs relative to WT PATs, with Nrd1p motifs exhibiting little
to no enrichment, consistent with previous observations (Fig.
3B; Schaughency et al. 2014). None of the reverse complements
showed enrichment to the levels of the extended Nab3p motif,
suggesting that UCUUG is a major determinant for NNS termina-
tion genome-wide.
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Roadblocks and the NNS machinery
cooperate to promote efficient
termination of transcription

Overall, the most abundant xPATs gener-
ated by roadblocks were found down-
stream from snoRNAs (Supplemental
Table S1). The decrease of roadblock
xPAT signal upon Senlp inactivation
suggested that Reblp might act in con-
cert with the NNS termination pathway
to promote termination (Fig. 2). To dis-
sect the mechanism of roadblock-assisted
NNS termination, we analyzed the Reb1p
roadblock downstream from the SNR161
gene (Fig. 4A). We hypothesized that
efficient Rebl-mediated snoRNA termi-
nation might be critical to prevent tran-
scriptional interference of the PDX3
gene, as its transcription start site (TSS)
is only 80 bp downstream (Pelechano
etal. 2013). To confirm that Reb1p assists
in termination of SNR161, we codepleted
Reb1p and Rrp6p. This revealed a reduc-
tion in the roadblocked xPAT peak and
an accumulation of xPATs extending
into the ORF of PDX 3, indicative of defec-
tive termination (Fig. 4A). As an addition-
al control, we mutated the TTACCCG
Reblp motif to TTACAAG, which abol-
ishes Reb1p binding (Colin et al. 2014).
This mutation led to the accumulation
of areadthrough transcript and to a broad
range of 3'-extensions for snR161 in cells
lacking Rrp6p (Fig. 4B, mut lanes, probes
1 and 2). Replacing the Reblp binding
site with an RNase III (Rntlp) cleavage
signal (RCS) prevented the accumulation
of the readthrough transcript and led to
a loss of the NNS termination products,
demonstrating that the lengthened tran-
scripts corresponded to 3'-end extensions
of snR161 (Fig. 4B; RCS lanes, probe 2).
We also identified xPATs originating
from the opposite strand, suggesting
thatReb1p can function as a bidirectional
roadblock (Fig. 4A). Mutation of the
Reb1p binding site led to increased levels
of anti-sense transcripts reading through
SNR161 (Fig. 4B). As expected, these
anti-sense transcripts were unaffected by
the strand-specific RCS.

Genome-wide analysis of xPATs up-
stream of DRSs revealed roadblocks at
77 Reblp sites, 34 Raplp sites, and 20
Abflp sites (=2 rpm) (Supplemental
Table S1). Individual examples of Rap1p
and Abflp roadblocks for cryptic Pol 11
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Figure4. Cooperation between Reb1p and NNS factors for Pol Il transcription termination of SNR161.
(A) Genome browser view of the SNR167-PDX3 region. The y-axis indicates reads per million (rpm) of
PATs for the indicated FRB-tagged strains after 1 h of rapamycin treatment. (B) Northern blot analysis
of sense and anti-sense transcripts at the SNR161 locus. The Reb1p binding site in the SNR161 terminator
was mutated (mut) or replaced with a cleavage site for the yeast RNase Ill homolog Rnt1p (RCS). Probes 1
and 2 detect the negative strand transcripts (sense to snR161), while probes 3 and 4 detect positive
strand transcripts (anti-sense to snR161). 18S rRNA is shown as a loading control. (C) Northern blot anal-
ysis on rrp6A with a Reb1p binding site mutation (TTACCCG — TTACAAG) or replacement with indicated
proteins and their respective binding sites: Abflp, TTTGATCGCTTTGTACGTGC; Cbflp,
TTTTTATCATGTGACTTATG; Mcm1p, TTACCTAATTAGGTAA; Tbflp, TTCTTAGGGTTAAATA; Miglp,
AAGCTGAAAATCTGGGGAAG; and Rap1p, AGCAACACCCAGACATTACA. The Tbf1p binding site inad-
vertently introduced an additional TCTT motif for Nab3p (underlined). Probe 2 detects 3'-extended
snR161 precursors, while probe 5 detects mature PDX3 mRNA and the SNR161-PDX3 readthrough prod-
uct. (D) The indicated anchor away strains were treated with 1 ug/mL rapamycin for 1 h and Northern
blots probed for the region downstream from SNR161 (probe 2). (E) Effect of Reb1p overexpression
on PDX3 and SNR161-PDX3 expression upon Nab3 nuclear depletion. WT and NAB3-FRB strains were
transformed with the BG1805 plasmid harboring a galactose-inducible REBT. Strains were grown in raf-
finose to mid-log phase and then were either treated with 1 pg/mL rapamycin for 1 h (left four lanes) or
shifted to galactose for 2 h prior to the addition of rapamycin (right four lanes). Probe 2 detects the
SNR161-PDX3 readthrough transcript with partial overlap with PDX3 5" UTR. Probe 5 detects mature
PDX3 mRNA and the readthrough product.

transcripts are shown in Supplemental Figure S6. Meta-analysis
of xPATs and NET-seq signal upstream of all GRF binding sites
demonstrated significant Pol II pausing, coinciding with xPAT
peaks upstream of a DRS (Supplemental Fig. S7). In contrast, bind-

ing sites for the subtelomeric anti-silencing factor Tbf1lp and the
transcription factor Mcm1p revealed no detectable Pol II pausing
and little DRS signal. The centromere-binding factor Cbf1p exhib-
ited a subtle accumulation of Pol II, but not to the extent of the
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GRFs. Furthermore, other than TFIIIB (see below), analysis of se-
quences downstream from roadblocked xPATs did not identify
motifs for other DNA-binding proteins (Supplemental Table S1).
We conclude that GRFs possess an ability to promote Pol II termi-
nation that is unique among the cellular repertoire of DNA-bind-
ing proteins.

We next tested a panel of well-characterized binding sites for
GRF and non-GRF DNA-binding proteins for their ability to road-
block SNR161 transcription. We replaced the Reb1p site with sites
for Raplp, Abflp, Cbflp, Tbflp, Miglp, or Mcm1p and then delet-
ed RRP6 and probed for roadblocked and 3’-extended NNS prod-
ucts. Mutation of the Reblp site led to loss of roadblocked
SNR161 and accumulation of heterogeneous 3’-ends reminiscent
of nonroadblocked termination (Fig. 4C, probe 2). The Reblp mu-
tation also led to loss of mature PDX3 mRNA at the expense of a
readthrough product, indicating dependence of PDX3 transcrip-
tion on Reb1p (Fig. 4C, probe 5). The GRF Rap1p was able to fully
roadblock SNR161 and restore PDX3 levels. None of the other fac-
tors were able to rescue loss of Reb1p, although the NNS termina-
tion window generated by the Abflp site shifted to shorter 3'-
extensions than other sites. The Tbf1p binding site prevented read-
through, but closer inspection of the binding site revealed the in-
advertent introduction of an additional TCTT Nab3p motif,
possibly leading to more efficient NNS termination (Fig. 4C).
Whereas Mcm1p only slightly rescued PDX3 levels, Abflp fully
rescued PDX3 despite both yielding similar levels of readthrough.
This indicates that Pol II readthrough does not necessarily lead to
silencing and suggests that Abflp, despite being obligatorily dis-
lodged by Pol II during SNR161 readthrough, is still able to main-
tain a chromatin environment that promotes full PDX3
transcription. It is possible that Abflp exhibits rapid rebinding
or establishes long-lasting effects on the local chromatin that out-
live its binding residence time.

To test whether NNS promotes roadblock termination for
SNR161, we depleted Nrd1p, Nab3p, and Reb1p from the nucleus
for 1 h in combination with Rrp6p (Fig. 4D). Previous studies had
demonstrated a near-complete loss of NNS function and depletion
of Nrdlp from the nucleus with 1 h of rapamycin treatment
(Schulz et al. 2013; Castelnuovo et al. 2014). Nrd1p or Nab3p
depletion enabled Pol II to elongate through the intact Reblp
site to yield a substantial increase in readthrough transcript. This
observation is in agreement with increased levels of Pol II PAR-
CLIP signal downstream from roadblocks upon Nrd1p or Senlp
depletion (Fig. 3). The depletion of Reb1p and Rrp6p led to both
readthrough product and the characteristic spread of NNS termina-
tion signal. We also analyzed Reb1p roadblock-mediated termina-
tion of RPLY9B, which undergoes autoregulation in an NNS-
dependent manner (Supplemental Fig. S8; Gudipati et al. 2012).
We found a much greater dependence on termination for Nab3p
than Nrdlp, consistent with the presence of three separate
TCTTG Nab3p motifs in the 150-bp window upstream of the
Reblp site (Supplemental Fig. $8). In the absence of Reb1p, the ma-
jority of transcription terminated in an NNS-dependent manner
within 100 bp downstream.

The observation that NNS inactivation results in Pol II read-
ing through the Reblp site suggests that Pol II is able to evict
Reblp. As Pol II elongation is transient, GRF rebinding should
then depend on the concentration of unbound GRF. Consistent
with this hypothesis, overexpression of exogenous Reb1p rescued
the loss of PDX3 mRNA and diminished levels of readthrough
upon Nab3p depletion (Fig. 4E). These data suggest that initial
eviction of GRFs by Pol II occurs in a manner that is inhibited by

NNS signals. After GRF eviction, subsequent rounds of GRF-unim-
peded transcription ensue until the GRF rebinds in a manner that
is dependent on the concentration of free GRFs.

GRFs, nucleosomes, and TFIIIB (addressed below) were previ-
ously shown to block the progression of DNA Pol § during DNA
replication (Smith and Whitehouse 2012).To test how individual
GRFs and non-GRFs compare in their ability to roadblock Pol II
and Pol 8, we plotted the 3'-ends of Pol & fragments that accumu-
late upon DNA ligase I (CDC9) inactivation alongside Pol II PAR-
CLIP signal, and found the expected accumulation of Pol II and
Okazaki fragment 3’-ends proximally upstream of GRF sites and,
to a lesser extent, Cbflp sites (Supplemental Fig. S9). We found
no significant enrichment of Okazaki fragment 3’-ends at Tbflp
or Mcm1p sites. Together, these results demonstrate that all three
GRFs roadblock both NNS-targeted Pol II and Pol § during lagging
strand synthesis.

The NNS pathway dictates the fate of Pol Il collisions with GRFs

Although GRFs can promote NNS termination, many GRF binding
sites are positioned within transcribed regions where they do not
roadblock Pol II (Wang and Warner 1998; Rhee and Pugh 2011;
Colin et al. 2014; Kasinathan et al. 2014). Plotting 1270 verified
Reb1p binding sites across binned ORF transcripts (ORE-Ts) re-
vealed the frequent occurrence of Reblp sites throughout ORFs
and in 3’ UTRs (Fig. SA). Analysis of xPATs accumulating upstream
of Reb1p sites revealed 322 sites promoting roadblock termination
(>1 rpm) (Fig. 5B; Supplemental Table S3). Roughly half of the
Reblp roadblocks were identified in intergenic regions and
CUTs/SUTs/XUTs, consistent with the previously proposed role
for Reblp in restricting cryptic transcription (Colin et al. 2014).
Approximately one-third of the roadblocks were found within
the transcribed portions of protein coding genes, suggesting wide-
spread regulation of transcription elongation within genes by
Reb1p roadblock.

In total, we identified 495 Reblp sites not leading to Pol II
roadblock with evidence of readthrough (see Methods) (Supple-
mental Table S3). The observation that inactivating NNS abolished
roadblock termination and led to high levels of Pol II readthrough
at SNR161 and RPLIB raised the possibility that a scarcity of NNS
signals may promote readthrough at natural GRF sites. To test
this, we analyzed NNS signals upstream of GRF binding sites pro-
moting roadblock relative to those permitting readthrough (Sup-
plemental Table S3). UCUUG was enriched three- to eightfold,
with other NNS signals enriched approximately 1.5-fold (Fig.
5C). As a control, we analyzed the reverse complements of NNS
motifs and the Hrplp/Nab4p motit UAUAUA, most of which
were slightly depleted. Overall, we did not find a preferred orienta-
tion or motif variant for GRF sites exhibiting roadblock versus
readthrough behavior, suggesting that NNS signals are the primary
determinant for roadblocking Pol II at individual sites (Supple-
mental Fig. S10; Supplemental Table S3). To further investigate
the behavior of Pol II at roadblock and readthrough Reb1p sites,
we plotted Pol II PAR-CLIP signal around Reb1p sites exhibiting
the TTACCGG consensus motif. Depletion of either Nrdlp or
Senlp led to a substantial increase in Pol Il upstream of consensus
Reb1p roadblocks and a subtle increase in the ~100 nt downstream
(Fig. 5D). As Pol & does not synthesize RNA and should be immune
to NNS signals, we reasoned that sites with Pol II readthrough
should still roadblock DNA Pol 8. Indeed, we found the same prom-
inent peak of Okazaki fragment 3’-ends at both Pol II roadblock
and readthrough sites (Fig. 5D).
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Figure 5. NNS termination signals globally specify the fate of Pol Il collisions with general regulatory factors (GRFs). (A) Distribution of all Reb1p binding
sites within ORF-Ts (binned into 100 regions) and their flanking 100-bp regions. (B) Genomic distribution of xPAT clusters with peaks proximally upstream
of experimentally validated Reb1p binding sites (see Methods). (C, left) Motif enrichment upstream of binding sites for the GRFs Reb1p, Abf1p, and Rap1p.
One hundred-nucleotide sequences upstream of roadblock sites and readthrough GRF sites were analyzed for Nrd1p (UGUA and GUAG) and Nab3p
(CUUG, UCUU, and UCUUG) motifs. The y-axis plots the log, motif enrichment upstream roadblock versus readthrough sites. (Right) Enrichment of
the reverse complements of Nrd1p and Nab3p motifs and the UAUAUA Hrp1p/Nab4p motif as controls. (D) Pol Il PAR-CLIP and Pol & Okazaki fragment
3’-ends around Reb1p sites with the consensus motif (TTACCCGG). The signal above the zero line represents the sense strand with respect to the direction
of Pol Il roadblock (left) or readthrough (right) for each Reb1p site, while the signal from the opposite strand is plotted below the zero line. (E) Rap1p binding
sites were grouped according to readthrough behavior, roadblocking behavior, or no convergent Pol Il transcription (see Methods). The stability rankings
for each Rap1p binding site were obtained from a previous study (Lickwar et al. 2012). Box plots show median stability ranking (green horizontal line) and
lower and upper quartile for the three classes of Rap1p binding sites. (***) P<0.001, (*) P<0.05, (ns) not significant. (F) Global distribution of Pol Il road-
blocks for each DNA-binding factor. Roadblocks are called according to the presence of xPATs within a window 5-25 bp upstream of the binding site (>1
rpm, greater than or equal to twofold up-regulation over WT).

After demonstrating that Pol II can elongate through GRF
sites, we predicted that NNS might influence GRF binding dynam-
ics by modulating GRF eviction, particularly at loci with high tran-

scriptional activity. A previous study measured Raplp binding
dynamics through competition ChIP and found a wide range of
dissociation rates, or mean residence times (Lickwar et al. 2012).
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Importantly, residence time was a better A

predictor for Raplp function than occu-
pancy measured by traditional ChIP. To
study how Raplp dynamics might be af-
fected by Pol II collision, we screened
Raplp sites for roadblock and read-
through behavior. Of 439 Raplp sites,
we found 88 sites with evidence for either
roadblock or elongation (Supplemental
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Table S3). Raplp sites leading to road-
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Pol III transcription factor TFIIIB were
highly represented downstream from
roadblocked xPATs (Fig. S5F; Supplemen-
tal Table S1). Pol III transcription was pre-
viously suggested to suppress intergenic
Pol II transcription, but the precise mech-
anism of suppression was not determined
(Korde et al. 2014; Wang et al. 2014). To
confirm whether TFIIIB sites directly
roadblock Pol II, we aligned xPATs near
all tRNA genes and found a prominent
peak centered 65 bp upstream (Fig. 6A).
TFIIIB footprints 10-40 bp upstream of TSSs, which are located
~13 bp upstream of mature tRNA 5" ends (Joazeiro et al. 1996;
Grove et al. 2002). Therefore, the 65-bp peak is consistent with a
collision between Pol II and TFIIIB, as the distance between the
Pol II active site and the leading edge of Pol Il is 12 bp (Saeki and
Svejstrup 2009). NET-seq revealed substantial peaks for paused
and backtracked Pol II 65 and 72 bp upstream, respectively, with
XPAT termination peaks coinciding with the position of stalled
rather than backtracked Pol II (Fig. 6A).

To test how Pol IIT impacts Pol II termination by NNS, we fo-
cused on SNRS53, which exhibits xPATs downstream from (G
(GCC)E (Fig. 6B). To determine the relative contributions of tG
(GCC)E and NNS in promoting SNR53 termination, we codepleted
either Bdplp (an essential subunit of TFIIIB) or Senlp from the
nucleus in combination with Rrp6p. Nuclear depletion of either
factor led to loss of NNS termination at tG(GCC)E and resulted
in the termination at a downstream NNS-independent site (Fig.
6B). Depletion of Nrd1p or Nab3p also resulted in low levels of
SNR53 readthrough (Fig. 6C). These results suggested that NNS

Figure 6. The Pol lll transcription machinery mediates genome-wide roadblock of Pol II. (A) Metagene
analysis on 100 bp upstream of tRNA genes, shown with PATs accumulating after nuclear depletion of
Rrp6p and Dis3p (black dotted line) and Pol ll-associated nascent 3’-ends in WT (black solid line) and
dst1A (gray solid line) strains. The DNase |-resistant signal (gray dashed line) shows the footprint of
the Pol lll transcription factor TFIIIB. (B) Genome-browser view for SNR53 showing PATs accumulating
upon nuclear depletion of the indicated strains. Pol Il occupancy is shown at the bottom plotted from
the Rpb2 PAR-CLIP signal. (C) Northern blot analysis on SNR53 termination products with probes to
the mature snR53 (left) or the proximal downstream region (middle). SNR53 3’-extended transcripts
were analyzed after 1 h of rapamycin treatment of the indicated FRB-tagged strains (right). The right
four lanes are the same samples as from the middle panel. Note the size reduction in the 3’-extended
snR53 due to the deletion of the tRNA gene.

is dependent on tRNA transcription for efficient SNR53 termina-
tion. The results obtained by nuclear depletion of Bdplp were
confirmed by deleting tG(GCC)E in WT and rrp6A backgrounds
(Fig. 6C).

We next tested whether xPATs upstream of TFIIIB are gener-
ally dependent on both NNS and TFIIIB binding. Bdplp deple-
tion resulted in substantial loss of roadblocked xPATs, with
Senlp depletion conferring only a slight reduction, potentially
indicating lesser dependence of TFIIIB roadblocks than GRF road-
blocks on NNS (Fig. 7A). Nuclear depletion of either Bdplp or
Senlp led to the emergence of a new peak coinciding with
tRNA TSSs, which are situated ~17-19 bp upstream of the box
A sequence bound by TFIIC (Harismendy et al. 2003). This
suggests that TFIIIC and TFIIIB are both capable of roadblock-
ing Pol II, with TFIIIB serving as the primary roadblock for Pol
II. Overall, we found evidence for TFIIIB roadblocking Pol II at
nearly half of all tRNA genes (132/272, >1 rpm), with no tRNA
genes showing evidence for Pol II readthrough (Supplemental
Table S3).
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efficient during the early phase of tran-
scription when Pol II CTD is enriched

“«—
antisense|

150 200

for phosphorylated serine 5 (Vasiljeva
and Buratowski 2006). However, the
mechanisms specifying the precise loca-

normalized reads

e PrreTapE
antisense

tions of NNS termination across the ge-
nome are not well understood. Previous
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and Pol II elongation rate influences the
size of the termination window

RRP6-FRB RRP6/DIS3-FRB RRP6/SEN1-FRB RRF

(Hazelbaker et al. 2013). Here we show
that endogenous NNS targets differ sub-
stantially in the width of the termination
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Figure7. Common DNA-binding factors promote termination of Pol Il and lagging strand DNA synthe-
sis. (A) Pile-up analysis of xPAT signal with Okazaki fragment 3'-ends for all tRNA genes functioning as Pol Il
roadblocks, centered on the upstream edge of TFIIIB binding sites. The black boxes labeled “A” and “B”
correspond to the approximate locations of the box A and box B sequences bound by the transcription
factor TFIIIC. Signal above the zero line represents the sense strand with respect to each tRNA gene, while
signal below the zero line is anti-sense. (B) Comparison between roadblocked Pol Il 3'-ends (xPATs) and
roadblocked Pol & 3’-ends (Okazaki fragments) for TFIIIB (left) and Reb1p (right) sites. The black bar indi-
cates the TFIIIB footprint (left) and binding motif for Reb1p (right). (n) Number of roadblocks observed ge-
nome-wide for each class. For Reb1p, signal is oriented relative to the strand of roadblocked transcription.

Common chromatin obstacles terminate both
RNA Pol Il and DNA Pol §

A previous study demonstrated that in addition to nucleosomes
and GRFs, tRNA genes also terminate lagging strand synthesis by
DNA Pol § (Smith and Whitehouse 2012). To compare Pol § and
Pol II termination at tRNA genes, we plotted xPATs and the 3'-
ends of Okazaki fragments around TFIIIB sites (Fig. 7A). This re-
vealed that both Pol II and Pol § are roadblocked 16 bp and 7 bp,
respectively, from the edge of the TFIIIB footprint (Fig. 7A,B).
We observed the same 9-bp distances between Pol II RNA and
Pol § DNA 3'-ends at Reb1p roadblock sites, suggestive of a charac-
teristic difference in the distance between active site and leading
edge of these polymerases during collisions with chromatin obsta-
cles (Fig. 7B). Two major Pol & peaks anti-sense to tRNA genes were
not detected for Pol II. The first resides on the other side of the
TFIIIB binding site and suggests that TFIIIB roadblocks Pol & in
both directions (Fig. 7A). The second peak occurs at the 3’-end of
tRNA genes and may indicate a collision between DNA Pol & and
TFIIIC subunits bound at box B. The lack of a significant peak at
this location for Pol I may be due to the presence of actively tran-
scribing Pol I1I at tRNA genes preventing Pol II from approaching
TFIIIC, consistent with a recent report that Pol III termination typ-
ically occurs over a broad region downstream from tDNA
(Turowski et al. 2016). As DNA synthesis by Pol 8 occurs in the con-
text of replication fork movement, it is possible that rapid TFIIIC
and TFIIIB assembly on newly synthesized DNA prior to the initi-
ation of Pol III transcription blocks Pol 3.

window and that diverse types of road-
blocks mediate NNS termination. GRFs
and TFIIIB promote termination at de-
fined positions with sharp peaks, while
nucleosomes exert a global influence on
preferred regions of NNS termination
(Fig. 2). Our data favor a model in which
the NNS pathway and chromatin obsta-
cles cooperate to induce Pol II termina-
tion. A Pol II elongation complex
preloaded with NNS factors may be inherently less processive
and more prone to terminate at roadblocks. On the other hand,
pausing induced by roadblocks may favor the recognition of
NNS signals in the nascent RNA before elongation proceeds.

Reblp was previously demonstrated to restrict cryptic tran-
scription by roadblock termination of Pol II in an NNS-inde-
pendent manner (Colin et al. 2014). The proposed mechanism
involved ubiquitylation of Pol I by Rsp5p, analogous to the mech-
anism used to remove Pol II at sites of DNA damage (Beaudenon
etal. 1999). This previous report utilized transcriptional repression
of Nrd1p to inactivate NNS, and found no Pol II termination defect
at a Reb1p roadblock reporter. Our data suggest that Nab3p plays a
more significant role in NNS termination than Nrd1p and that
some roadblock targets (e.g., RPLIB) are relatively insensitive to
Nrd1p inactivation while sensitive to Nab3p inactivation (Sup-
plemental Fig. S8). Our observation that Reb1p and other GRFs
promote termination in an NNS-dependent manner suggests
that roadblocked Pol II can be removed independently of ubiquity-
lation. This is consistent with a recent report that distinct path-
ways of Pol II removal exist for DNA damage-dependent and
DNA damage-independent stalls (Karakasili et al. 2014).

The NNS pathway dictates roadblocking behavior
and influences the binding dynamics of GRFs
Through establishing chromatin domains, GRFs coordinate

diverse DNA-based activities, including transcription activation
or repression and DNA replication and repair (Fourel et al. 2002).
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Our results suggest that all three GRFs (Reb1p, Rap1lp, and Abflp)
function to block pervasive Pol II transcription. However, GRF
binding sites are often located within ORFs and 3" UTRs, raising
the question as to how GRFs promote Pol II termination at some
sites and allow elongation at others. We demonstrate that the
NNS pathway is responsible for this distinction, as inactivating
NNS permits elongation through GRF sites that normally road-
block Pol II (Figs. 2, 4). Because nuclear depletion of NNS factors
globally impacts gene expression, we cannot strictly exclude the
possibility of indirect effects on GRF dynamics at particular loci.
However, we find that NNS signals are specifically enriched at
GREF sites with roadblock behavior (Fig. 5C). Furthermore, of the
subset of Rap1p binding sites with converging Pol II transcription,
those exhibiting roadblock behavior harbor more NNS motifs up-
stream and are more stable than those exhibiting readthrough
behavior (Fig. 5C,E). We conclude that an important function of
the NNS pathway is to prevent Pol II from displacing GRFs and per-
turbing their function (Fig. 8).

Common obstacles terminate distinct states of DNA and RNA
synthesis

A previous study demonstrated that lagging strand DNA synthesis
occurs as chromatin is reassembled onto Okazaki fragments and
that nucleosomes, GRFs, and TFIIIB/tRNA genes prevent excessive
strand displacement synthesis by promoting Pol § termination
(Smith and Whitehouse 2012). These same factors also promote

NNS-mediated Pol II termination. Both leading strand synthesis
by Pol 8/e and productive Pol II elongation must traverse nucleo-
somes and GRF binding sites. An intrinsic sensitivity to roadblocks
for Pol § in its strand displacement synthesis mode and Pol Il in its
NNS-targeted mode provides a simple mechanism to limit perva-
sive nucleic acid synthesis in both contexts. Overall, our results
suggest that nucleosomes exert a broad influence on NNS-depen-
dent Pol II termination and that GRFs and TFIIIB function as the
most potent roadblocks, although it is possible that other DNA-
bound factors can roadblock in specific contexts (e.g., Cbflp).
Since NNS motifs are present in virtually all transcripts and are
only partially enriched in target versus nontarget RNA, the integra-
tion of specific obstacles on the DNA template with varying levels
of NNS signals provides a mechanistic explanation for Pol Il behav-
ior at different loci (Fig. 8). In summary, this work demonstrates
how RNA signals and chromatin obstacles cooperate to terminate
Pol II transcription and demonstrates that a common set of road-
blocks promotes termination of both DNA and RNA synthesis.

Methods

All protocols for yeast genetic manipulations, growth conditions,
Northern analysis, direct RNA sequencing, and 3’-end poly(A)*
RNA-seq library preparation (QuantSeq 3’ mRNA-Seq, Lexogen
GmbH) are included in the Supplemental Methods.

Data processing and metasite analysis

Clusters were seeded by selecting poly(A)
tags (PATs) with >2 rpm and greater than

[l Nab3 sites or equal to fivefold up-regulation after

A 5 B Nrd1 sites nuclear exosome inactivation (xPATS).
high [Nrd1/Nab3 sites] ® 5 cap PATs were clustered together if within

NNS stochastic [ S— 20 bp of each other and as long as the

termination He— cluster maintained greater than or equal

- — to twofold up-regulation. The coordi-

5 ) ) o nates for cluster peaks were used to define

B medium [Nrd1/Nab3 sites] the annotated mapping location for the
't"er::i;‘:;’o'::°c"*’ssi5‘e“ I entire cluster. Detailed descriptions of

| — cluster annotation and identification of

*—— motif sites from previous data sets are in

5 the Supplemental Methods. Metasite

o] medium [Nrd1/Nab3 sites] ciont NKS . analysis was conducted by first extract-
Lﬂfm'.f,'::.‘.ﬁn ) ing the signal across genomic windows

readthrough to .5 from a given data set centered around

downstream terminator the indicated features, normalizing the

D s sum of the reads in the window to an ar-

low [Nrd1/Nab3 sites]
Pol Il pausmg
elongatlon and

displacement of
bound protein

(oval) from the template.

Figure 8. Model for the control of Pol Il elongation and DNA-binding protein dynamics by the NNS
pathway. (A) In the presence of a high concentration of Nrd1p and Nab3p binding sites in the nascent
RNA and in the absence of obstacles in the template, Pol Il will undergo termination in a stochastic man-
ner over a broad genomic window, resulting in highly heterogeneous 3’-ends with a preference toward
nucleosome edges. (B) In the presence of medium (or high) levels of Nrd1p and Nab3p binding sites and
a downstream DNA-binding protein (e.g., GRF, Pol lll unit; oval), Pol Il will undergo termination at a de-
fined position dictated by the collision of Pol Il with the DNA-binding protein and produce a homoge-
nous set of RNA 3’-ends. (C) In the presence of medium levels of Nrd1p and Nab3p binding sites and
the lack of any downstream DNA-binding protein, Pol Il will undergo inefficient NNS termination and
continue reading through until encountering a downstream terminator. In this example, a downstream

CPAssite is utilized. (D) In the presence of low levels of Nrd1p and Nab3p binding sites and a downstream
DNA-binding factor, Pol Il will elongate through the binding site, displacing the DNA-bound protein

bitrary constant, and then aggregating
those normalized reads for all the geno-
mic windows. For tracks with only one
data set, regions were required to exhibit
>1 rpm for each window prior to normal-
ization. For tracks with multiple data sets
(e.g., WT and mutants), the sum of sig-
nals for a given region across all data
sets was first used to normalize each re-
gion prior to signal aggregation, there-
fore allowing the relative signal between
strains to be assessed in the pile-up.
For plots showing sense and anti-sense
strands, both strands were normalized
together for each individual window
(Figs. 5D, 7A,B; Supplemental Figs. S7,
S9). For binding sites of the indicated
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proteins, the left-to-right direction was oriented with respect to the
strand exhibiting the higher xPAT signal. For Figure 5A, the regions
from TSSs to poly(A) sites (pA; as defined from TIF-seq [Pelechano
et al. 2013]) were normalized into 100 bins and analyzed together
with the upstream and downstream 100 bp for the presence of ex-
perimentally validated Reb1p binding sites. All scripts were written
in Python 3.5, and plots were generated using the matplotlib mod-
ule of Python 3.5. The sequence logos in Supplemental Figure S10
were generated with WebLogo version 2.8.2 (Crooks et al. 2004).

Data access

All raw and processed data from this study have been submitted to
the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE75587.
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