
Article

High-resolution transcription maps reveal the
widespread impact of roadblock termination
in yeast
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Jessie Colin1,*,§ & Domenico Libri1,**

Abstract

Transcription termination delimits transcription units but also plays
important roles in limiting pervasive transcription. We have previ-
ously shown that transcription termination occurs when elongating
RNA polymerase II (RNAPII) collides with the DNA-bound general
transcription factor Reb1. We demonstrate here that many different
DNA-binding proteins can induce termination by a similar roadblock
(RB) mechanism. We generated high-resolution transcription maps
by the direct detection of RNAPII upon nuclear depletion of two
essential RB factors or when the canonical termination pathways
for coding and non-coding RNAs are defective. We show that RB
termination occurs genomewide and functions independently of
(and redundantly with) the main transcription termination path-
ways. We provide evidence that transcriptional readthrough at
canonical terminators is a significant source of pervasive transcrip-
tion, which is controlled to a large extent by RB termination. Finally,
we demonstrate the occurrence of RB termination around centro-
meres and tRNA genes, which we suggest shields these regions from
RNAPII to preserve their functional integrity.
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Introduction
The compact genome of Saccharomyces cerevisiae is covered by

several machineries that need to be temporally and spatially coordi-

nated for allowing the robust reading and perpetuation of the

genetic information.

The complexity of the transcriptional landscape is paradigmatic

in this regard. Transcription initiation occurs frequently in regions

and direction that largely overrun the canonical annotation of genes,

a phenomenon known as pervasive transcription. This is due to the

inherently loose control imposed on initiation by the structure of

chromatin and to the intrinsic bi-directionality of promoters, which

is generally conserved in evolution (Porrua & Libri, 2015). This

promiscuity of transcription events is a potential threat to the stabil-

ity of gene expression programs because many transcription events

are susceptible to interfere with each other. Pervasive transcription

might also affect other DNA-related events, such as replication,

chromosome segregation, or the expression of RNA polymerase I-

and III-dependent genes. The integration of widespread transcription

with other cellular processes is a complex process, requiring tools to

limit and coordinate concurrent events.

Transcription termination plays essential roles in the control

of pervasive transcription. In yeast, two main termination path-

ways exist. The first depends on the cleavage and polyadenyla-

tion factor–cleavage factor (CPF-CF, referred to as CPF hereafter)

and terminates transcription of genes producing mRNAs and

some non-coding RNAs. The CPF complex recognizes signals on

the nascent RNA and cleaves the latter, producing a 50 fragment

that is polyadenylated by the Pap1 poly(A) polymerase and

exported to the cytoplasm. The 30 fragment, still associated with

the transcribing polymerase, is recognized and degraded by a 50-
30 exonuclease, Rat1, which contributes to dismantling the elon-

gation complex by a still elusive mechanism. The CPF is also

believed to be directly involved in the polymerase release step of

termination by allosterically modifying the properties of the tran-

scription elongation complex (for a recent review, see Porrua

et al, 2016).

The second canonical pathway depends on the NNS (Nrd1-Nab3-

Sen1) complex and was first associated with the production of

sn- and snoRNAs (Steinmetz et al, 2001). Nrd1 and Nab3 bind the
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nascent RNA at short motifs containing a well-conserved 4–5

nucleotides core and are thought to recruit the Sen1 helicase that

translocates on the nascent RNA to release the polymerase. Peculiar

to this pathway is that the released RNA is polyadenylated by a dif-

ferent poly(A) polymerase, Trf4, functioning within the TRAMP4/5

(Trf4/5-Air2/1-Mtr4-polyadenylation) complex, and trimmed to its

mature size in the nucleus by the exosome, a large multisubunit

complex that is endowed with 30–50 exonuclease activities (Porrua &

Libri, 2015).

A large share of the transcripts produced by pervasive transcrip-

tion do not code for proteins, and to what extent these RNAs have

specific functions remains matter of debate. They are sorted in

classes, generally defined by the pathways associated with their

metabolism. CUTs (cryptic unstable transcripts) have been first

described based on their extreme instability (Wyers et al, 2005).

These RNAs derive from transcription events terminated by the

NNS pathway and are degraded to completion by the TRAMP-

exosome pathway (Wyers et al, 2005; Arigo et al, 2006; Thiebaut

et al, 2006). When NNS termination is defective, elongated forms of

CUTs are produced that have been recently named NUTs (Nrd1

unterminated transcripts, Schulz et al, 2013). Some of the non-

coding RNAs produced by pervasive transcription are sufficiently

stable to be detected in wild-type cells (SUTs, stable unannotated

transcripts, David et al, 2006) or are degraded in the cytoplasm by

the nonsense-mediated decay (NMD) and Xrn1 pathways (XUTs,

Xrn1-sensitive unstable transcripts, van Dijk et al, 2011; Malabat

et al, 2015). Finally, some are only detected in particular physiologi-

cal conditions (MUTs, meiotic unannotated transcripts, Lardenois

et al, 2011).

We have recently described an additional pathway of transcrip-

tion termination that depends on the general regulatory factor (GRF)

Reb1. We have shown that the elongating polymerase pauses

upstream of DNA-bound Reb1, which prompts its release by a

mechanism that involves its ubiquitylation and presumably degra-

dation (Colin et al, 2014). Insertion of a Reb1 binding site in a

region of elongation is sufficient for termination, indicating that this

“roadblock” (RB) pathway does not require additional sequence

elements. Because, akin to CUTs, the RNAs released are polyadeny-

lated by TRAMP and degraded by the nuclear exosome, these tran-

scripts were dubbed RUTs (Reb1-dependent unstable transcripts;

Colin et al, 2014).

Here we demonstrate that many additional DNA-binding

complexes or factors can elicit RB termination and studied the over-

all impact of RB termination in the yeast genome. Using an

improved crosslinking and cDNA analysis protocol (CRAC, Granne-

man et al, 2009), we sequenced nascent transcripts to generate the

first high-resolution transcription maps upon depletion of two RB

factors, and analyzed the genomewide impact of roadblock termina-

tion in wild-type cells or under conditions defective for NNS- or

CPF-dependent termination. We directly demonstrate that RNAPII

pausing depends on the roadblock factor and not on sequence

elements or other events. We show that many RB events are associ-

ated with natural readthrough at canonical CPF or NNS terminators

and that RB termination plays a general quality control role in limit-

ing such pervasive transcription events. We studied the mutual rela-

tionships between RB termination and the other pathways and

conclude that they are functionally independent and act redundantly

to provide robust demarcation of adjacent transcription units.

Finally, we show that roadblock termination also occurs around

centromeres and tRNAs, which we suggest to be protected from the

potentially negative interference of surrounding pervasive transcrip-

tion events.

The faculty of DNA-associated factors to alter the processivity of

elongation complexes, and the diversity of these factors, reveals a

major role of RB termination in shaping the transcription landscape.

This also underlies a large potential for regulation that likely

extends to many organisms.

Results

In vivo selection reveals Rap1-dependent transcription
termination

We have previously described a procedure to select transcription

terminators from pools of naı̈ve sequences (Porrua et al, 2012;

Colin et al, 2014). Briefly, test sequences are inserted within a

transcription unit driven by the tetracycline-repressible promoter

(TETP), roughly 200 nt downstream of the transcription start site.

A second promoter, from the GAL1 gene (GAL1P), is inserted

downstream and drives expression of a selectable marker, CUP1,

the expression of which is required for yeast growth in copper-

containing medium (Fig 1A). In the absence of a terminator in the

test sequence, transcription driven from TETP silences GAL1P by

transcription interference and prevents CUP1 expression, leading to

copper sensitivity. When the test sequence induces termination,

the CUP1 gene is expressed and yeasts grow on copper-containing

plates. Using this system, we selected terminators from a pool of

sequences containing a stretch of 120 random nucleotides. We

selected many sequences inducing termination via the NNS path-

way and via the Reb1-dependent roadblock pathway (Porrua et al,

2012; Colin et al, 2014). We also selected sequences that do not

belong to either class, some of which contain a motif resembling a

Rap1 binding site (Figs 1A and EV1A). Rap1 recognizes its site via

a Myb-like DNA-binding domain and is involved in many DNA-

associated processes, including telomere maintenance and gene

expression (for a review, see Azad & Tomar, 2016). Rap1 is also

strongly associated with the positioning and formation of nucleo-

some-free regions (NFR; Hartley & Madhani, 2009; Kubik et al,

2015 and references therein).

RNA species of a size compatible with termination occurring

immediately upstream of the Rap1 site were observed when a

selected terminator was present in the reporter construct (Figs 1B,

lane 1 and EV1A). These transcripts are only detected when the

Rap1 binding site is present (Fig 1B, lanes 3–4) and are strongly

sensitive to degradation, as indicated by their marked steady-state

increase in rrp6Δ or rrp6Δtrf4Δ mutants of the nuclear 30–50 RNA
degradation pathway (Fig 1B and C). A major fraction of the tran-

scripts detected in rrp6Δ cells are non-adenylated (Fig 1C, compare

lanes 5 and 6), and a fraction is polyadenylated by Trf4 (compare

lanes 5 and 8) and is strongly sensitive to exosomal degradation

(Fig 1C, compare lanes 2–3 to 5–6). Non-adenylated RNAs are also

subject to degradation by the exosome (compare lanes 3 and 6), but

can be detected in the wild-type strain (Fig 1C, lanes 1,3), consistent

with the notion that they represent the nascent RNAs associated

with stalled polymerases.
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To demonstrate that Rap1, and not overlapping termination

signals, is responsible for releasing RNAPII, we analyzed the RNAs

produced upon nuclear depletion of Rap1 with the anchor away

methodology (Haruki et al, 2008; Kubik et al, 2015). In the absence

of Rap1, we observed the disappearance of the short RNA species,

to the profit of a longer species earmarking termination at a down-

stream site (Fig 1D). As a control, we also show the effect of the

nuclear depletion of Reb1 at a site of Reb1-dependent termination

(Colin et al, 2014).

Finally, we have previously shown that release of the road-

blocked polymerase from the DNA template occurs following its

ubiquitylation that depends on the Rsp5 ubiquitin ligase. The failure

to clear the roadblocked RNAPII results in increasing levels of both

the nascent transcript (preferentially detected in a wild-type strain)

and the RT transcripts, due to increased opportunity to overcome

the RB when the polymerase is not released (Colin et al, 2014).

Northern blot analysis confirmed such expected increase when the

Rap1-roadblocked polymerase is less efficiently removed in a ther-

mosensitive rsp5-1 mutant strain (Fig 1E).

Together, these results demonstrate that Rap1 induces transcrip-

tion termination by a roadblock mechanism.

Rap1-dependent transcription termination in the Saccharomyces
cerevisiae genome

To assess the natural extent of Rap1-dependent RB termination, we

analyzed the occurrence of RNAPII pausing immediately upstream

of Rap1 sites, which is a hallmark of roadblock termination (Colin

et al, 2014). We profiled RNAPII occupancy in a wild-type and a

Rap1 anchor away (Rap1-AA) strain by an improved version of the

crosslinking and cDNA analysis protocol (CRAC, Granneman et al,

2009). This approach allows assessing the position of the poly-

merase at the nucleotide resolution level by sequencing the

nascent transcript associated with the largest subunit of the

enzyme after in vivo UV crosslinking (RNAPII CRAC, Milligan

et al, 2016). The analysis indeed detects nascent transcripts, as

demonstrated by the coverage of intronic regions in the RNAPII

CRAC dataset but not in the sequencing of mature, total RNAs

(Figs 2C and EV1B).

Notable examples of Rap1-dependent roadblock sites are shown

in Fig 2. CRAC analysis revealed a marked RNAPII peak upstream

of sites of Rap1 binding (Rhee & Pugh, 2011; Knight et al, 2014) at

the HYP2, RPL11B, and RPS24A loci.

At the HYP2 locus (Fig 2A), a Rap1-dependent RB terminates

transcription of an upstream, non-annotated transcription unit

(dubbed uHYP2), leading to the production of a cryptic transcript as

revealed by SAGE analysis (Fig 2A, Neil et al, 2009). At the RPL11B

and RPS24A loci (Fig 2B and C), roadblocked polymerases most

likely derive from transcription events reading through the upstream

terminator (see below). Nuclear depletion of Rap1 by the addition

of rapamycin led to the significant decrease of the RNAPII peak and

to the spreading of a readthrough signal downstream of the RB site

(Fig 2, insets). Rap1-dependent termination could be confirmed by

inserting a short region only containing the two Rap1 sites present

at the HYP2 locus in the heterologous context of our reporter system

(Appendix Fig S1A).

To extend these findings genomewide, we generated aggregate

plots by profiling the average distribution of the RNAPII CRAC

signal around aligned sites of Rap1 occupancy (Fig 3). A major

peak of average RNAPII occupancy is present downstream of the

aligned occupancy sites, due to general presence of genes regulated

by Rap1 (Fig 3A, left). Importantly, however, a significant road-

block peak was observed upstream of Rap1 binding, which

strongly decreased upon Rap1 depletion (compare the red and blue

traces).

Similar RNAPII CRAC analyses were also performed upon deple-

tion of Reb1. Peaks of RNAPII pausing were readily observed at

individual sites of Reb1 occupancy that significantly decreased upon

Reb1 depletion (Appendix Fig S1B and data not shown). Aggregate

plots (Fig 3A, right) show, as for Rap1, a major peak of transcrip-

tion initiation mainly due to Reb1-regulated genes, and a prominent

RB peak that is Reb1-dependent.

The detection of a RB at Rap1 sites was not due to crosslinking

of Rap1 to the DNA, because it could be observed using techniques

that do not rely on crosslinking (NET-seq, Churchman & Weissman,

2011; Appendix Fig S2A and B) or that rely on the sole crosslinking

of the RNA to proteins (PAR-CLIP, Schaughency et al, 2014;

Appendix Fig S2B and data not shown). Finally, the occurrence of

transcription termination at Rap1 and Reb1 occupancy sites is

consistent with a peak of RNA 30 ends that coincides with the site of

RB and is generally more prominent in a degradation defective

rrp6Δ strain (Appendix Fig S2C and D).

◀ Figure 1. Analysis of the transcripts produced upon transcription termination induced by Rap1.

A Scheme of the reporter used for selecting terminators from naïve sequences. TETP: doxycycline-repressible promoter; GAL1P: GAL1 promoter. The random sequence
(120 nt, red box) was inserted within HSP104 sequences upstream of GAL1P . The transcripts produced in the presence (red) or absence (blue) of termination signals
are indicated. The readthrough (RT) transcript terminates at a cryptic terminator within the GAL1 promoter. A logo (http://weblogo.berkeley.edu/logo.cgi) derived from
the putative Rap1 binding sites found in the selected terminators is shown. The approximate position of the oligonucleotide probe used for Northern blot analysis is
indicated by a black arrow.

B Northern blot analysis of transcripts produced in the presence of a Rap1-dependent terminator in wt or rrp6Δ cells as indicated. ΔBS: RNAs derived from a construct
containing a precise deletion of the Rap1 binding site (BS). A red arrow indicates the position of the short transcript produced at the Rap1 termination site. RT
transcripts are indicated by a black arrow.

C Analysis of the polyadenylation status of transcripts derived from Rap1-dependent termination. Total, polyadenylated (A+, oligo dT-selected) and non-adenylated (A�,
oligo dT-depleted) fractions are analyzed in the strains indicated. Rap1-terminated and RT transcripts indicated as in (B). U4snRNA and RPS28A RNAs are used as
controls for non-adenylated and adenylated species, respectively.

D Northern blot analysis of strains containing reporters bearing a Rap1-dependent or a Reb1-dependent terminator (clone X3, Colin et al, 2014) as indicated. Reb1
(Reb1-AA) or Rap1 (Rap1-AA) anchor away strains were used to deplete either protein by the addition of rapamycin (lanes 7–12, two biological replicates). Red and
black arrows indicate short and readthrough transcripts as in (B).

E Northern blot analysis of RNAs derived from a reporter containing a Rap1-dependent terminator in a wild-type (lanes 1–5) or a thermosensitive rsp5-1 strain (lanes
6–10) grown at different temperatures as indicated. Note that the short RNA (red arrow) mainly represents nascent RNA associated with the roadblocked polymerase.

Source data are available online for this figure.
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Figure 2. RNAPII occupancy at sites of Rap1 roadblock detected by CRAC analysis.

A RNAPII CRAC profile at a site of roadblock upstream of HYP2 (only the signals on the strand of the annotated features are shown). A peak of CRAC RNAPII signal is
visible upstream the site of Rap1 occupancy (blue arrow, ChIP exo data, Rhee & Pugh, 2011) in a wild-type strain in the presence of rapamycin (dark green track) or
Rap1-AA in the absence of the drug (light green track). The roadblock peak is markedly diminished when Rap1 is depleted from the nucleus by the addition of
rapamycin to Rap1-AA cells (red track). Transcription termination at the RB site is accompanied by the production of a non-annotated cryptic transcript (uHYP2,
gray arrow) with a predominant 30 end located 13 nt upstream of the Rap1 site (data from Roy et al, 2016). The maximum value of the RNAPII peak is 26 nt
upstream of the sequence of the Rap1 site. The position of multiple polyadenylation (pA) sites for HYP2 as defined by 30-T-Fill analysis (Wilkening et al, 2013) is
indicated. Note the occurrence of transcriptional readthrough after the roadblock when Rap1 is depleted (inset).

B, C Same as in (A), with Rap1 sites located between two genes arranged in tandem. The dotted oval underscores the level of polymerase occupancy between the CPF
terminator and the roadblock, which is not affected by depletion of the roadblock factor. The maxima of the RNAPII peak are located 33 nt (PIL1) and 15 nt (ALD5)
upstream of the first Rap1 binding site.
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Overall, these results demonstrate the widespread occurrence of

Rap1- and Reb1-dependent, roadblock transcription termination in

S. cerevisiae.

Roadblock termination limits widespread readthrough
transcription in the Saccharomyces cerevisiae genome

Many Reb1 and Rap1 sites are located in intergenic regions,

frequently downstream of genes. Based on a few model cases, we

have previously proposed that roadblock termination might function

to limit transcription reading through canonical, CPF-dependent

terminators (Colin et al, 2014), but neither the general validity of

this concept, nor the generalized occurrence of readthrough tran-

scription could be demonstrated.

If polymerases fail to terminate at canonical sites with a signifi-

cant frequency, they are expected to accumulate at sites of Reb1 and

Rap1 binding downstream of genes, where they should be easily

detected because of the roadblock.

To address this possibility, we restricted our RNAPII CRAC meta-

site analyses to Reb1 and Rap1 occupancy sites located within

300 nt downstream of mRNA-coding genes. In these conditions,

only polymerases escaping CPF-dependent termination, if any,

should contribute to the metaprofile upstream of the roadblock. As

shown in Fig 3B, polymerases accumulate at Rap1 and Reb1 sites

downstream of canonical CPF terminators in the wild-type strain

strongly suggesting the existence of a constitutive transcriptional

readthrough. To substantiate this notion, we also performed a paral-

lel RNAPII CRAC analysis using a thermosensitive rna15-2 allele,

which impairs CPF termination. In these conditions, we observed a

clear increase in the roadblock peak relative to what observed in wt

cells, supporting the notion that the flux that aliments roadblocked

polymerases originates from upstream transcription units and

increases when upstream termination is defective (Fig 3B, compare

green and blue traces). As a control, we profiled RNAPII distribution

at the same set of CPF-dependent features upon nuclear depletion of

Nrd1 (Schaughency et al, 2014), an essential actor of NNS termina-

tion that is not involved in termination of mRNA-coding genes. In

these conditions, we did not observe an increase in the roadblock

peak (Fig EV2A and data not shown). Manual inspection of a signif-

icant number of these locations ruled out the existence of intergenic

transcription initiation based on the recent published repertoire of

RNAPII transcripts 50 ends (data not shown; see also Fig EV2B;

Malabat et al, 2015).

Similarly to Reb1 and Rap1, Abf1 belongs to the class of general

regulatory factors and contains a myb-like DNA-binding domain

(Fermi et al, 2017 and references therein). We profiled the RNAPII

CRAC signal around sites of Abf1 occupancy downstream of CPF

terminators. Although less prominent, a RB peak was observed,

which increased, as for Rap1 and Reb1, when termination was

impaired in an rna15-2 mutant (Fig EV2C). A metaprofile analysis

using a larger set of Abf1 occupancy sites is shown below in Fig EV3.

Transcriptional readthrough was not restricted to sites containing

a downstream Rap1, Reb1, or Abf1 roadblock but could be consis-

tently revealed by the significant detection of intergenic transcrip-

tion downstream of genes in the absence of dedicated initiation

sites. A few representative snapshots are shown in Fig EV2B, in

which the levels of readthrough transcription are comparable to the

levels of transcription of the downstream gene.

Overall, these results demonstrate the widespread occurrence of

transcription readthrough at CPF terminators in strains that are pro-

ficient for transcription termination. Such pervasive readthrough

events are restricted, to a significant extent, by downstream road-

block termination.

Roadblock termination and the CPF pathway
function independently

RNA polymerase II pausing is generally considered to promote

termination by favoring “chasing” of the polymerase by Rat1 at

CPF-dependent genes. It could be conceived that RB pausing func-

tions as part of the CPF pathway for the efficient release of the poly-

merase. In this perspective, removing the roadblock should

significantly affect the overall efficiency of termination. To address

this possibility, we assessed whether termination failure could be

observed at CPF terminators when the downstream Reb1- or Rap1-

dependent roadblocks were removed by nuclear depletion of either

factor. Two examples of CPF-dependent genes with a downstream

roadblock are shown in Fig 2. In both cases, transcription termina-

tion occurs efficiently at the CPF sites even in the absence of the

roadblock as witnessed by the similar decrease in the RNAPII signal

at and downstream of the termination region (Fig 2B and C, dotted

oval).

To generalize these observations, we compared the RNAPII

metaprofile in regions of CPF termination upstream of a Rap1 bind-

ing site in the presence and absence of the roadblock factor (Fig 4).

The precise location of transcription termination for each gene is

not known, but we reproducibly observed a decrease in the RNAPII

CRAC signal in the region around the sites of poly(A) addition (Fig 2

and data not shown). This early decrease in the RNAPII signal was

to some extent unexpected, but was also observed using NetSeq

(data from Harlen et al, 2016; not shown). It might be due to termi-

nation at cryptic or earlier sites of poly(A) addition or to the higher

speed of the polymerase in this region. Irrespective of its possible

components, this signal was clearly different in rna15-2 cells (see

below, Fig 4B), which are termination impaired at the non-permis-

sive temperature, suggesting that it is linked to the occurrence of

termination. We therefore anchored the alignment to the strongest

site of poly(A) addition for each gene (Pelechano et al, 2014) and

focused our analysis on the region of early termination, to avoid

interference with the RNAPII signals at the roadblock. As shown in

Fig 4A, a progressive decrease in the average RNAPII signal was

observed in wild-type cells in this region, consistent with the occur-

rence of termination. As a control, transcription readthrough was

clearly observed when termination was impaired in rna15-2 cells at

the non-permissive temperature (Fig 4B, compare green and blue

traces). Importantly, however, upon depletion of Rap1, CPF-depen-

dent termination occurred efficiently, as witnessed by the identical

decline in the RNAPII CRAC signal in the termination region

(Fig 4A, compare red and blue traces). Similar results were obtained

for the set of CPF-dependent genes upstream of a Reb1-dependent

roadblock (data not shown). To quantitate these results, we calcu-

lated the fractional level of readthrough for each CPF-dependent

gene upstream of a Rap1-dependent roadblock by dividing the

density of reads in the termination region by the density in the gene

body (Fig 4C). The distribution of the values obtained is strongly

affected by the rna15-2 mutation, as expected for a bona fide
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termination defect (P = 10�5), but not by the absence of Rap1

(P = 0.4), demonstrating that removing the roadblock does not

significantly impact CPF termination.

Relationships between RB- and NNS-dependent termination

While this work was in progress, another study (Roy et al, 2016)

proposed that roadblock- and NNS-dependent termination are func-

tionally linked, notably suggesting that (i) roadblocked polymerases

are released by the NNS pathway and (ii) the roadblock is part

of the mechanism of snoRNA termination. We revisited these

important questions using our high-resolution RNAPII CRAC in cells

defective for the CPF, NNS, and roadblock pathways.

Roadblock peaks have been shown to increase in strains defec-

tive for NNS termination, which was interpreted as evidence that

roadblocked polymerases are not efficiently cleared when NNS

termination is impaired (Roy et al, 2016). Alternatively, it is possi-

ble that this increase in RB peaks is due to the accumulation of

polymerases failing to terminate at upstream NNS-dependent

terminators. Consistent with this notion, we observed increased RB

peaks only at sites downstream of NNS terminators when the NNS

complex is defective (Fig 5 and data not shown). When the RB site
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Figure 3. Metasite analysis of roadblock termination at Rap1 and Reb1 sites.

A Average RNAPII CRAC profile at genomic regions aligned on Rap1 (left panel) or Reb1 (right panel) occupancy sites, in the presence (blue) or absence (red) of the
roadblock factor. In both cases, the latter was depleted from the nucleus by the addition of rapamycin. Overlapping purple arrows represent features transcribed
downstream of Rap1 or Reb1 occupancy sites. Note that the two panels have a different y-axis scale due to the average higher expression of Rap1-dependent genes;
a dotted horizontal line marks the same average occupancy for comparison.

B Same as in (A), using only Rap1 or Reb1 sites located within 300 nt downstream of genes terminated by the CPF pathway. The RNAPII average profile was determined
for the wild-type strain (blue) or an rna15-2 (green) strain at the non-permissive temperature of 37°C for the mutant; data from the same cells at permissive
temperature have not been plotted, but are available.

Data information: For all panels, the number of sites used is indicated. Rap1 and Reb1 sites used in these analyses are listed in Dataset EV1.
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follows a CPF terminator, depletion of Nrd1, Sen1, or mutation of

Nab3 does not affect the levels of roadblocked polymerases. This is

illustrated at the PIL1 and ALD5 loci (Appendix Fig S3A), and more

generally in the aggregate RNAPII CRAC profile at Rap1 RB sites

downstream of CPF terminators (Fig EV2A). Here, the depletion of

Nrd1 poorly affects the signal at the Rap1 roadblock, which is, on

the contrary, strongly increased upon impairment of CPF termina-

tion in the rna15-2 mutant (Fig 3B and Appendix Fig S3A). These

data demonstrate that the NNS pathway is not generally required

for the clearance of roadblocked polymerases.

We also addressed the converse possibility, that is, that the RB

pathway could be required for termination of snoRNAs (Roy et al,

2016). We analyzed the polymerase profile around four snoRNAs

for which a Reb1 (SNR161, SNR8, SNR48)- or Rap1-dependent

(SNR39B) roadblock peak of variable intensity was detected in the

termination region (Fig 5). We compared the distribution of poly-

merases at these NNS-dependent targets under conditions of defec-

tive RB termination by depleting either one of the RB factors. As a

control, we generated RNAPII CRAC data upon depletion of Nrd1

with the auxin degron method (Nishimura et al, 2009). Depletion

of Nrd1 led to transcription readthrough at the NNS-dependent

terminator as expected, which fed the flow of polymerases accu-

mulating at the downstream roadblock peak (Fig 5A–D, compare

red and blue tracks in the insets, red arrows; see also Fig 5E, left

scheme). This was clearly visible at the SNR8 and SNR48 loci,

where the roadblock is slightly more distal (Fig 5, panels A and

B), but also observed at SNR161 and SNR39B where the read-

through signal merges to some extent with the roadblock signal

(Fig 5C and D).

Upon depletion of the roadblock factor (Rap1 or Reb1), we did

not observe alterations in termination at the primary NNS site,

which occurred with similar overall efficiency as in the presence of

the RB (Fig 5A–D, note that the RB-less tracks, pink/red, are always

beneath the wt tracks, light blue). A small readthrough was only

detected downstream of the RB site (Fig 5, blue arrows), due to the

release of polymerases that had accumulated at the roadblock (see

Fig 5E, right scheme). These results strongly suggest that the RB is

not required for NNS-dependent termination at these sites.

The small readthrough at the RB in the absence of Rap1 or Reb1

leads to the production of longer transcripts that might have diverse

fates and stability, depending on many factors including their

sequence and the nature of downstream termination. We analyzed

the levels of these RNAs by RNAseq in the presence or absence of

the RB. To visualize the primary product of termination that is

trimmed to the mature snoRNA by the nuclear exosome, we

performed this analysis in an rrp6Δ strain. As shown in Fig 5A–D,

variable levels of readthrough transcripts accumulated at three of

the four snoRNAs studied in the absence of the RB. The strongest

accumulation was observed at the SNR39B site and intermediate

levels at SNR161 and SNR8, but in all cases the transcript levels

hardly mirrored the levels of polymerases reading through the site

of RB detected by CRAC. This indicates that the abundance of these

RNAs is mainly dictated by their stability and not by the levels of

readthrough transcription.

Together with the results shown in the previous section, our data

strongly support the notion that the roadblock pathway functions as

a fail-safe mechanism to neutralize natural readthrough transcrip-

tion at both the CPF- and NNS-dependent canonical terminators.

Functional importance of fail-safe transcription termination

As shown in Fig 2, depletion of Rap1 strongly affects transcription of

RPL11B and RPS24A. These genes might be downregulated either

because the absence of the roadblock exposes their promoters to tran-

scriptional interference or because they require Rap1 for transcrip-

tional activation. To distinguish between these non-exclusive

possibilities, we investigated whether the RB alone could be sufficient

to restore, at least partially, their expression. To this end, we depleted

Rap1 in cells expressing the well-characterized DNA-binding domain

of Rap1 (Rap1-DBD, aa. 358–601), which is not expected to activate

transcription, but supports roadblock termination, as verified by RT–

qPCR upstream of HYP2 (Appendix Fig S3B). As a control, we used

strains containing the wild-type Rap1 or an empty plasmid and

sequenced the RNAs produced in these cells. Because expression of

Rap1-DBD alone affects growth in a dominant-negative manner, we

could not perform reliable CRAC experiments in these conditions, but

sequenced the transcriptome at two different time points after Rap1

depletion. Consistent with the RNAPII CRAC data, expression of

RPL11B and RPS24A RNAs was markedly affected by the depletion of

endogenous Rap1 and restored by the concomitant expression of wt

Rap1 (Fig 6A and B, compare red and blue tracks). Importantly,

expression of the DNA-binding domain alone of Rap1 is sufficient to

restore RPL11B and RPS24A RNAs to wild-type levels (Fig 6A and B,

purple tracks). This is not due to Rap1-DBD retaining a general acti-

vation function as demonstrated by the failure of the latter to restore

expression of genuine Rap1 targets sites such as RPS0A (Fig 6C),

RPL29, orMF(ALPHA)1 (data not shown).

Together, these results support the notion that the constitutive

readthrough at CPF (and possibly NNS) terminators can be suffi-

cient for silencing downstream genes, underscoring the importance

of the protective action of roadblock factors.

Extent of roadblock termination in the Saccharomyces
cerevisiae genome

In light of the results shown here on Rap1 and Reb1, we assessed

more generally the occurrence of roadblock termination at sites of

occupancy for DNA-binding proteins or complexes. We first used

published data on the genomewide distribution of transcription

factors (Harbison et al, 2004) and profiled RNAPII occupancy at

genomic regions aligned on sites of binding as defined by MacIsaac

et al (2006). We found evidence for RB termination at many such

sites, some of which are shown in Fig EV3. These profiles are

indicative of roadblock occurring at a variable distance upstream of

the protein-binding site, likely reflecting the topology of the collision

between RNAPII and the DNA-bound factor or complex of factors.

We also observed prominent levels of RNAPII roadblocks at

centromeres and tRNA genes. In S. cerevisiae, centromeres are

defined by a set of short, well-conserved sequence elements located

in a 125-nt region. These sequences, CDEI, CDEII, and CDEIII (Fig 7),

are specifically occupied by DNA-binding factors that are part of the

kinetochore (for a review, see Westermann et al, 2007; Biggins,

2013). The 8-bp CDEI is directly recognized by Cbf1, a DNA-binding

factor that is also a transcriptional activator. CDEIII (26 nt) is instead

recognized by CBF3, a complex of four proteins, while the CDEII

sequence (78–86 nt) is wrapped around a specific centromeric

nucleosome (CENP-A), containing a histone H3 variant, Cse4. We
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analyzed the distribution of polymerase around centromeres using

both PAR-CLIP (Schaughency et al, 2014) and our RNAPII CRAC

data. A marked peak of localized RNAPII pausing was clearly

observed at individual centromeres (Figs 7B and EV4A and B), the

average position of which was roughly 25 nt upstream of CDEI as

shown in the aggregate plot (Fig 7A), strongly suggesting that Cbf1

induces roadblock termination, at least in the context of centromeres.

A RB peak was also observed around CDEIII and upstream of

CDEII, as shown in the RNAPII CRAC metaprofile and at individual

centromeres (Figs 7B and EV4). In many cases, the RB was more

prominently observed when incoming transcription was increased

by affecting termination of convergent genes in rna15-2 cells

(Figs 7B and EV4C–E, rna15-2 tracks). Termination by the RB path-

way occurred in these regions, as witnessed by the presence of RNA

30 ends peaks that overlap the peaks of pausing and that often repre-

sent unstable transcripts (compare the wt and the rrp6Δ profile,

Fig EV5A and B). Interestingly, two peaks of termination can be

observed around CDEIII (Fig EV5B), one within and another
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Figure 4. Aggregate RNAPII profile at genes followed by a Rap1 site aligned on the poly(A) site.

A Genes terminated by the CPF pathway and followed by a Rap1 site were aligned on the major poly(A) site and the average RNAPII CRAC signal was plotted for the
wild-type (blue) or Rap1-AA (red) strain in the presence of rapamycin to induce the nuclear depletion of Rap1 in Rap1-AA. The termination region, defined by the
region displaying an average decrease of the RNAPII signal, is indicated by a yellow rectangle. Note that the signal in this region is not affected by the depletion of
the RB. The roadblock peak (RB), indicated by a blue arrow, is broader and smaller in these plots because genomic regions are not precisely aligned on the RB site.

B As in (A), the average RNAPII profile in wild-type (blue) and rna15-2 (green) cells at the non-permissive temperature was plotted to highlight a bona fide termination
defect. To visually appreciate the occurrence of readthrough, we normalized the read counts so that the average RNAPII CRAC signals in gene bodies are comparable
in wt and rna15-2 cells.

C Boxplots representing the distribution of the ratios between the density of reads in the 100 nt immediately preceding the major poly(A) site (RT) and the density of
reads in each ORF (body) in the indicated strains and conditions. The plots were generated by the standard R boxplot function. The central line represent the 50th

percentile. The top and bottom of the box represent the 75th and 25th percentile respectively. The bottom whisker is the lowest value still within 1.5 Interquartile
range (IQR); the top whisker is the highest values still within 1.5 IQR. The number of sites used for the analysis corresponds to the rap1 sites for which an
experimentally defined polyadenylation site could be found within 300 bp upstream of the site (123). A two-sided t-test has been used to assess statistical
significance. Sites used in these analyses are listed in Dataset EV1.
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upstream of it, indicating heterogeneity in the position of the RB

around (Fig 7A).

In apparent contrast with published data (Ohkuni & Kitagawa,

2011, 2012), no evidence of transcription within CDEII was

observed, which we find to be virtually free of polymerases. Note

that this is unlikely due to failure from mapping A-T-rich reads to

this region, because reads with virtually identical sequences (i.e.,

containing one or two mismatches) could be efficiently mapped to

other regions in the genome (data not shown).

Transcription of tRNA genes depends on internal promoters,

which harbor sequences (A and B boxes) that are bound by the

TFIIIC hexameric complex (Arimbasseri & Maraia, 2016). TFIIIC

covers the whole tRNA sequence and interacts with TFIIIB,

composed of three subunits, which binds at position �60 relative to

the transcription start site (Nagarajavel et al, 2013). The aggregate

profile of RNAPII distribution around tRNA genes is presented in

Fig 7C and one representative example in Fig 7D, together with the

mapped “bootprints” of TFIIIB and TFIIIC (Nagarajavel et al, 2013).

A prominent peak of RNAPII accumulation was observed at position

�75 relative to the start site consistent with a roadblock induced by

TFIIIB bound at position �60. Interestingly, a major roadblock was

also observed for RNAPII transcription running antisense to tRNA

genes, peaking roughly 50 nt upstream of the aligned U-rich tract

that defines the RNAPIII termination signal. Evidence for the

production of unstable transcripts for termination occurring

upstream of tRNA start sites and for antisense transcription down-

stream of tRNA terminators is provided by the distribution of stable

and unstable RNA 30 ends around these features (Fig EV5C and D).

Evidence for RNAPII roadblocks was also observed around the

gene coding for the ribosomal 5S RNA subunit, which is an RNAPIII

gene with a structure similar to that of tRNA genes (Fig 7E).

TFIIIC was also found to bind at locations distinct from tRNA

genes, in the absence of TFIIIB (ETC, extra TFIIIC sites, Roberts

et al, 2003; Moqtaderi & Struhl, 2004; Nagarajavel et al, 2013). We

could not find evidence of transcriptional roadblock at ETC sites,

suggesting that the sole binding of TFIIIC is not sufficient to prevent

RNAPII elongation (data not shown). Together, these data illustrate

the genomewide extension of roadblock termination and underscore

its large potential for modeling the yeast transcriptional landscape.

Discussion

In a previous study, we have demonstrated that transcription termi-

nation occurs when the RNAPII encounters the factor Reb1 bound

to the DNA. Here we generated high-resolution genomewide RNAPII

transcription maps data under conditions of defective RB, CPF, or

NNS termination to study the overall impact of RB termination on

the yeast genome, and the functional relationships with the other

pathways.

We provide evidence that natural readthrough at canonical CPF

and NNS terminators constitutes an additional and functionally

significant source of pervasive transcription in S. cerevisiae. We

demonstrate that the canonical pathways and RB termination func-

tion independently from each other but act redundantly at the end

of transcription units, limiting pervasive readthrough and favoring

insulation of transcription events. Finally, we extend the repertoire

of roadblocking factors, which we propose to play major roles in

determining the distribution of transcription events.

Rap1 is a roadblock termination factor

We demonstrated that Rap1, a DNA-binding factor that has roles in

transcription activation, gene silencing, and telomere homeostasis

(Azad & Tomar, 2016), is also a roadblock termination factor. An

earlier study showed that the fortuitous introduction of a Rap1 site

in a Ty1 retrotransposon leads to RNAPII stalling and repression of

gene expression (Yarrington et al, 2012). Based on the analysis of

the RNA produced, which was reported to be non-adenylated and

insensitive to exosome degradation, it was concluded that termina-

tion of transcription does not occur in this system. In contrast to this

early study, we show that roadblock termination occurs at Rap1

binding sites, leading to the production of RNAs that can be

polyadenylated by Trf4 and are degraded for a large part by the

nuclear exosome. Importantly, nuclear depletion of Rap1 prevents

termination, indicating that the protein—and not the presence of

termination signals that might overlap its binding site—is essential

for the release of the polymerase. Failure to detect the nuclear

degradation of the adenylated and non-adenylated RNAs for techni-

cal reasons in the study by Yarrington et al (2012) might account

for the discrepancies; alternatively, release of the polymerase might

not occur in the Ty1 retrotransposon model for unknown reasons.

The mechanism of roadblock termination

Similar to what previously shown for Reb1 (Colin et al, 2014),

release of the polymerase paused upstream of the roadblock

depends on its ubiquitylation by Rsp5 and possibly its degradation.

Thus, this pathway is not restricted to Reb1-dependent termination

but presumably extends to all cases of roadblock, and possibly of

◀ Figure 5. Analysis of the impact of RNAPII roadblocks in termination of snoRNAs.

A–D RNAPII CRAC and RNAseq profiles at the indicated genomic loci and conditions (only the signals on the strand of the annotated features are shown). The position
of the Reb1 or Rap1 occupancy (Rhee & Pugh, 2011) is indicated (light blue filled arrow). The occupancy profile in the presence or absence of the RB factor or Nrd1
has been overlapped for ease of comparison. The regions of the readthrough after the roadblock (dark blue arrow) or after the NNS terminator (red arrow) have
been enlarged in the insets.

E Model of primary (NNS) and secondary (RB) termination at snoRNAs that contain a downstream RB site. The flow of RNAPII is indicated in blue, and the internal
arrow indicates the direction of transcription. The sites of NNS and RB termination are indicated, respectively, by red and blue arrows; a site of cryptic or
alternative (e.g., CPF-dependent) termination downstream of the RB is indicated by a black arrow. A low level of natural readthrough at the primary site is
indicated by a low schematic flow of polymerases (blue) between the NNS and RB sites, which feeds the RB peak. Under defective NNS termination, this
readthrough flux increases, together with the RB (left scheme, dotted line, light green). When the RB is affected (right scheme), only the readthrough due to
unblocked polymerases (dotted line, light green) downstream of the RB site is observed, terminating at downstream sites (black arrows). The transcripts produced
in the different conditions are indicated by plain or dotted lines, which roughly represent the stability and steady-state levels of the different species. The colors
represent the kind of termination (NNS, RB, or cryptic) that leads to the production of a given species.
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most RNAPII pausing that cannot be resolved in a more “conserva-

tive” manner (Wilson et al, 2013). We generally observed very

sharp peaks of stalling at the roadblock sites, which is compatible with

one or two polymerases on average roadblocked at a time and indi-

cates that, at steady state, the clearance due to the Rsp5 pathway must

be as efficient as the feeding of the peak by incoming polymerases.

It has been recently proposed, mostly based on the analysis of

RNA 30 ends in several mutant conditions, that the NNS and the RB

termination pathways are functionally interconnected, in that the

NNS is required for releasing roadblocked polymerases and, conver-

sely, that the presence of a RB is necessary for NNS termination

(Roy et al, 2016). The analyses presented here based on the direct

and high-resolution detection of RNAPII transcription in conditions

defective for RB, CPF, or NNS termination do not generally support

this model. We observed that RB termination is largely insensitive

to depletion of Nrd1 (e.g., see Fig EV2 and Appendix Fig S3), or

mutation of Nab3 (data not shown), which is also consistent with

the findings that the insertion of the sole Reb1 (Colin et al, 2014) or

Rap1 sites (Fig 1 and Appendix Fig S1A) in the heterologous context

of the HSP104 gene is sufficient for efficient, NNS-independent

termination. Similarly to what reported by Roy et al (2016), we

detected increased RNAPII occupancy at some roadblock sites upon

impairment of NNS function (e.g., Fig 5), but we show that this is

due to the accumulation of polymerases that fail to terminate at

NNS terminators upstream of the RB rather than to the general

defective clearance of stalled elongation complexes.

We favor a model according to which polymerases are not

recycled for further steps of transcription when encountering a RB
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Figure 6. Expression of the Rap1 DNA-binding domain restores expression of genes containing an upstream roadblock.
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transcription activation but for which no upstream RB can be detected is shown in (C) as a control. Only the signals on the strand of the annotated features are
shown. Wild-type Rap1, the Rap1 DNA-binding domain (Rap1-DBD), or an empty plasmid was expressed in the Rap1-AA strain and the endogenous protein was
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(as if it were released by the NNS complex) but degraded, together

with the RNA that is produced. This might look uneconomical,

but the energetic balance might still be favorable in light of the

evolutionary cost of developing highly efficient, error-proof termi-

nation processes. In this respect, the genomewide analyses

reported here suggest that roadblock termination is likely devoted

to controlling a relatively low fraction of polymerases that might

nevertheless significantly affect the efficiency or robustness of

neighboring processes.

Relationships between RB and the main pathways of termination
in Saccharomyces cerevisiae

Many studies support the notion that pausing is a prerequisite for

transcription termination (for a recent review, see Porrua et al,

2016). Slowing down the speed of the polymerase has been shown

to promote earlier termination at NNS targets (Hazelbaker et al,

2012), and RNAPII pausing sites are preferential sites of Sen1-

dependent termination in vitro (Porrua & Libri, 2013). This is

thought to be due to a kinetic competition between RNAPII elonga-

tion and translocation on the RNA by Sen1, a concept that might

also apply to CPF termination whereby “pursuing” of the poly-

merase is operated by the Rat1/XRN2 exonuclease (Fong et al,

2015). Whether pausing is induced by intrinsic components of the

NNS or the CPF pathway, or by extrinsic factors, remains a poorly

understood and important facet of termination.

We considered the possibility that roadblock pausing could be

required for upstream termination, both CPF- and NNS-dependent.

However, we did not detect the termination defects predicted by this

model upon depletion of Rap1 or Reb1. In these conditions, read-

through was only observed downstream of the RB site, due to the

release of a low fraction of polymerases that had accumulated at the

RB. Transcription beyond the site of RB in the absence of Rap1 or

Reb1 might produce RNAs that are more stable than the ones

derived from RB- or NNS-dependent termination, as we suggest

occurring at the SNR8, SNR161, and SNR39B sites. In the absence of

the RB, the levels of these transcripts do not match the actual levels

of transcriptional readthrough, which might lead to overestimating

the impact of the RB on termination, possibly explaining the

discrepancies with the model proposed by Roy et al (2016).

Although it remains possible that in the absence of Reb1 or

Rap1, other roadblock events take over to slow down the RNAPII

and promote termination, we favor the notion that pausing is

induced by components of the NNS or CPF complexes, or depends

on specific sequences, the nature of which remains elusive.

Widespread transcriptional readthrough at gene terminators in
Saccharomyces cerevisiae

It is generally accepted that pervasive transcription is mainly gener-

ated by the leaky control imposed on transcription initiation by the

structure of chromatin. Many studies have shown that altering the

positioning or the modification status of nucleosomes (see for

instance Churchman & Weissman, 2011; Marquardt et al, 2014;

Venkatesh et al, 2016) significantly impacts the relative extent of

initiation at divergent or cryptic promoters, generating pervasive

transcription events. Our data strongly suggest that in addition to

the leaky control on initiation, leaky termination generates perva-

sive transcription events, which might significantly impact gene

expression and other cellular events. Extensive occurrence of tran-

scriptional readthrough has been observed in the B. subtilis (Nicolas

et al, 2012) and E. coli transcriptome (Stringer et al, 2014). In

S. pombe, antisense transcripts derived from readthrough transcrip-

tion are produced in wild-type cells and degraded by the exosome

(Zofall et al, 2009) while in human cells readthrough transcripts

induced by osmotic stress have been shown to represent a consider-

able fraction of pervasive transcription (Vilborg et al, 2015).

However, the direct demonstration of widespread and constitutive

transcriptional readthrough in wild-type cells was not attempted in

these studies. Detection of these events in the present study is facili-

tated by the sensitivity and resolution of RNAPII CRAC and by the

analysis of RB sites, where polymerases escaping termination accu-

mulate. Because the genes used for the metasite analyses in Fig 3B

were solely selected based on Reb1 or Rap1 downstream binding,

they can be reasonably considered as a random sampling for their

efficiency of termination. The average detection of transcriptional

readthrough at these terminators therefore strongly suggests that

leaky termination occurs genomewide, widening the repertoire and

the potential impact of pervasive transcription. This conclusion is

supported by the direct detection of significant readthrough signals

◀ Figure 7. RNAPII roadblock occurs at centromeres and RNAPIII genes.

A Aggregate plot of RNAPII occupancy (median reads count, PAR-CLIP data) around centromeres. Centromeres have been aligned on the beginning of the CDEI (top
plot) or the CDEIII sequence (bottom plot) and a virtual centromere has been reconstituted by aligning the two plots based on the average length of the centromere.
The 50–30 direction is indicated by a black arrow for each plot. The structure of the centromere and the interacting factors are schematically shown on the top.

B Snapshot showing the distribution of polymerases around CEN14. RNAPII CRAC distribution is shown for both wild-type and rna15-2 cells at the permissive and non-
permissive temperature for the mutant. A roadblock peak (red arrow) is observed upstream of CDEI in all conditions. Detection of the roadblock upstream of the
CDEIII sequence requires increasing readthrough transcription at the upstream gene (CIT1) with the rna15-2 mutation (bottom track). Cyan arrows indicate the
direction of transcription.

C Metaprofile analysis of RNAPII distribution (median reads count, PAR-CLIP data) around tRNA genes. Genomic regions were aligned on the transcription start sites
(top) or the transcription termination site (bottom) and the plots combined as for centromeres. A scheme of tRNA genes and associated factors is shown on the top of
the plots. The 50–30 direction is indicated by a black arrow for each plot. Note that reads in the body of tRNAs have been removed because representing
contamination from mature tRNAs (Schaughency et al, 2014).

D Snapshot of RNAPII distribution around tC(GCA)B. The profiles in wt cells grown at 30°C and 37°C have been shown as duplicates, as only minor differences are
observed. Roadblock peaks are indicated by red arrows. The footprints of TFIIIB and TFIIIC (Nagarajavel et al, 2013) are shown for comparison. The direction of
transcription is indicated by cyan arrows. Reads in the body of tRNAs are from contaminating tRNAs and should not be considered as bona fide RNAPII CRAC signals.

E RNAPII CRAC profile around the gene coding for 5S rRNA (RDN5) in wt cells at 30°C and 37°C as in (D). Roadblock peaks are indicated by red arrows. The footprints of
TFIIIB and TFIIIC are shown. A scheme of the gene and the factors bound is shown in the top of the figure. As for tRNAs, the strong signal in the body of the gene
should not be considered as a bona fide RNAPII signal, but contaminating 5S RNA.
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in intergenic regions downstream of many genes, which do not

reflect the occurrence of independent intergenic initiation (see for

instance Appendix Fig S2C).

Extensive occurrence of transcriptional readthrough might confer

additional evolutionary advantages over the generation of ex novo

genes from pervasive initiation (Carvunis et al, 2012; Wu & Sharp,

2013). Readthrough transcripts might evolve to generate new func-

tions from existing modules, leading for instance to the fusion of

contiguous ORFs or the generation of protein extensions.

The non-quantitative feature of termination also brings about a

large potential for regulation, allowing anticorrelated expression of

tandem genes and possibly its modulation by alterations in the effi-

ciency of termination.

Roadblock occurs at many genomic sites

We show here that although the elongation complex is armed to

progress relatively efficiently through nucleosomes in vivo, it is

significantly affected by the presence of many other factors bound

to the DNA. Two notable examples are centromeres and tRNAs.

Roadblock peaks for RNAPII were observed upstream of both

centromere edges, where they are roadblocked presumably by Cbf1

and the CBF3 complex, binding, respectively, the CDEI site and the

CDEIII sequence, which is consistent with early observations (Doheny

et al, 1993). Very little, if any, RNAPII CRAC signal can be detected

within the centromeric DNA in general and particularly in CDEII,

suggesting that centromeres use intrinsic roadblock barriers to

prevent trans-centromere transcription. This might underlie a require-

ment for maintaining the identity of the centromeric nucleosome,

containing a specific variant of histone H3, Cse4, the occupancy of

which might be affected by through transcription, and is consistent

with the notion that directing strong transcription toward a centro-

mere generally inactivates it (Hill & Bloom, 1987; Doheny et al,

1993). In contrast to these conclusions, earlier studies have proposed

that a relatively moderate level of transcription through centromeres

is actually required for function, which was supported by the detec-

tion of trans-centromeric transcripts by RT-qPCR, and by genetic

experiments (Ohkuni & Kitagawa, 2011). Although we might have

failed to detect RNAPII CRAC signals corresponding to very low levels

of these trans-centromeric transcripts, we do not fully understand the

basis of this discrepancy, and future work is required to elucidate the

role of transcription at the point centromeres of S. cerevisiae.

We also show that RNAPII is roadblocked at the 50 and 30 ends of
tRNA genes. The existence of a 50 end roadblock is consistent with

earlier studies on the tV(UAC)D locus, proposing a role for TFIIIB in

preventing upstream intergenic transcription from entering the tRNA

gene body (Korde et al, 2014; see also Roy et al, 2016). Here we

extend this finding to a genomewide perspective, and additionally

demonstrate the existence of an additional roadblock barrier that

prevents antisense RNAPII transcription from crossing tRNA genes.

The 30 RB is aligned to the tRNA terminators, to which, in turn, is

also aligned the trailing edge of TFIIIC footprint (Nagarajavel et al,

2013). However, the binding of TFIIIC alone at ETC sites is not suffi-

cient for inducing a RB, which might indicate that additional factors

(presumably TFIIIB) must be present to stabilize the interaction

of TFIIIC with the DNA and induce a RB. Alternatively, it is

possible that the specific topology of these transcription units, which

are believed to be circularized for a more efficient transcription

re-initiation (Dieci et al, 2013), or the general high persistence of

RNAPIII at these sites might underlie the formation of the 30 end RB.

In conclusion, our results suggest that the transcriptional land-

scape is modeled to a large extent by non-histone proteins bound to

the DNA, which has a considerable impact in the partitioning of DNA-

linked activities and in the control of pervasive transcription events.

Aside from operating a quality control mechanism on the efficiency of

termination at canonical sites, roadblock pausing (and termination) of

polymerases has a large potential for shaping and regulating the tran-

scriptome, in yeast and most likely many other organisms.

Materials and Methods

Yeast strains and plasmids

Yeast strains used in this study are listed in Appendix Table S1.

Plasmids are listed in Appendix Table S3. The reporter construct

used for selecting the Rap1-dependent terminators was previously

described (Porrua et al, 2012). The full sequences of the selected

terminators are available upon request. Rap1 constructs were

expressed from the RAP1 gene promoter to avoid growth defects

due to the overexpression of Rap1 derivatives. The whole Rap1

coding sequence and 598 nt of the upstream region were cloned in a

pCM185 backbone (Garı́ et al, 1997) in which the TRP1 marker was

replaced with the S. pombe HIS5 gene. The Tet promoter and hybrid

transactivator of pCM185 were deleted. The Rap1-DBD construct

was obtained by replacing the Rap1 coding sequence with a frag-

ment of the gene coding for amino acids 358–601.

RNA analyses

Northern blot analyses were performed as previously described

(Colin et al, 2014). RT–qPCR was performed with standard proce-

dures, using the primers listed in Appendix Table S2. Amplification

efficiencies were calculated for every primer pair in each amplifi-

cation reaction.

Growth conditions and preparation of cells for CRAC

Two liters of yeast cells expressing Rpb1-HTP tag (Granneman et al,

2009) were grown at 30°C to OD600 = 0.6 in CSM-Trp medium. For

nuclear depletion of Reb1 and Rap1, rapamycin was added to

anchor away strains or control untagged wild type for two hours to

a final concentration of 1 lg/ml. rna15-2 or wild-type cells were

grown at 30°C to OD600 = 0.6; 1 volume of media preheated at 30

or 37°C was added and cultures were incubated at 30 or 37°C for

1.5 h. Nrd1 was depleted with the auxin degron system (Nishimura

et al, 2009) by adding IAA (indole-3-acetic acid, Sigma) 100 lM to

Nrd1-AID cells for 60 min before crosslinking.

Cells were submitted to UV crosslink using a W5 UV crosslinking

unit (UVO3 Ltd) for 50 s, harvested by centrifugation, washed in

cold PBS, and resuspended in TN150 buffer (50 mM Tris pH 7.8,

150 mM NaCl, 0.1% NP-40, and 5 mM beta-mercaptoethanol,

2.4 ml/g of cells) supplemented with protease inhibitors (Com-

pleteTM, EDTA-free Protease Inhibitor Cocktail). The suspension was

flash frozen in droplets, and cells were mechanically broken with a

Mixer Mill MM 400 (5 cycles of 3 min at 20 Hz).
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CRAC

The CRAC protocol used in this study is derived from Granneman

et al (2009) with a few modifications. Cell powders were thawed

and the resulting extracts were treated for one hour at 25°C with

DNase I (165 U/g of cells) to solubilize chromatin and then clarified

by centrifugation (20 min at 20,000 × g at 4°C).

IgG purification was performed with M-280 tosylactivated dyna-

beads coupled with rabbit IgG (15 mg of beads per sample). The

complexes were eluted with TEV protease and treated with 0.2 U of

RNase cocktail (RNace-IT, Agilent) to reduce the size of the nascent

RNA. High salt washes for both purification steps were done at 1 M

NaCl for increased stringency. The dephosphorylation step required

for cleaving the 20–50 cyclic phosphate left by RNase treatment

(Granneman et al, 2009) was omitted to enrich for nascent tran-

scripts, the 30 end of which being protected from RNase treatment.

After overnight binding on Ni-NTA column (Qiagen, 100 ll of

slurry per sample), sequencing adaptors were added on the RNA as

described in the original procedure. Adaptors were modified for

sequencing from the 30 end. The 30 ligation was realized with T4 rnl

2 truncated K227Q enzyme (NEB) instead of classical T4 RNA

ligase.

RNA–protein complexes were eluted in 400 ll of elution buffer

(50 mM Tris pH 7.8, 50 mM NaCl, 150 mM imidazole, 0.1% NP-40,

5 mM beta-mercaptoethanol). Eluates were concentrated with Viva-

con� ultrafiltration spin columns 30-kDa MWCO to a final volume

of 120 ll. The protein fractionation step was performed with a Gel

Elution Liquid Fraction Entrapment Electrophoresis (GelFree)

system (Expedeon). Rpb1-containing fractions were treated with

100 lg of proteinase K in a buffer containing 0.5 % SDS. RNAs were

purified and reverse-transcribed using reverse transcriptase Super-

script IV (Invitrogen).

The absolute concentration of cDNAs in the reaction was esti-

mated by quantitative PCR using a standard of known concentra-

tion. Amplifications were performed separately in 25 ll reactions

containing each 2 ll of cDNA for typically 7–9 PCR cycles (LaTaq,

Takara). The PCRs from all the samples were pooled and treated for

1 h at 37°C with 200 U/ml of Exonuclease I (NEB). The DNA was

purified using NucleoSpin� Gel and PCR Clean-up (Macherey-Nagel)

and sequenced using Illumina technology.

Dataset processing

CRAC samples were demultiplexed using the pyBarcodeFilter script

from the pyCRACutility suite (Webb et al, 2014). Subsequently,

the 50 adaptor (Appendix Table S2, read at the 30 end of reads)

was clipped with Cutadapt ({m 10}, Martin, 2011) and the result-

ing insert quality-trimmed from the 30 end using Trimmomatic

rolling mean clipping (Bolger et al, 2014) (window size = 5,

minimum quality = 25). At this stage, the pyCRAC script

pyFastqDuplicateRemover was used to collapse PCR duplicates

using a 6-nucleotide random tag included in the 30 adaptor

(Appendix Table S2, read at the 50 end of reads). During demulti-

plexing, pyBarcodeFilter retains this information in the header of

each sequence. This information is used at this stage to better

discern between identical inserts and PCR duplicates of the same

insert. The resulting sequences are reverse complemented with

Fastx reverse complement (part of the fastx toolkit, http://

hannonlab.cshl.edu/fastx_toolkit/) and mapped to the R64 genome

(Cherry et al, 2012) with bowtie2 (using “-N 1” option) (Langmead

& Salzberg, 2012).

RNAseq samples were demultiplexed by the sequencing platform

with bcl2fastq2 v2.15.0; adaptor trimming of standard Illumina

TruSeq adaptors was performed with cutadapt 1.9.1. Samples were

subsequently quality-trimmed with trimmomatic (see above) and

mapped to the R64 genome with bowtie2 (default options).

Metagene analyses and boxplots

For each feature included in the analysis, we extracted the poly-

merase occupancy values at every position around the feature and

plotted the mean or median over all the values for that position in

the final aggregate plot. To limit the influence of outliers on the final

plot when using the mean to summarize the data, we excluded from

the analysis every value at each site that was above the mean + 5

standard deviations.

To assess the occurrence of a termination defect at genes

upstream of Rap1 RB sites upon Rap1 depletion or in rna15-2 cells,

we selected a subset of genes whose termination region (opera-

tionally defined as the region around the strongest site of polyadeny-

lation) was within 300 bp upstream of a Rap1 site. To avoid

interference with the signal at the RB site, we then calculated the

average polymerase occupancy in the early segment of the termina-

tion region, that is, in a window 100 nucleotides immediately before

the major site of polyadenylation. This value was then divided by

the average polymerase occupancy signal across the whole body of

the gene. A decline in the RNAPII signal in wt cell and a signifi-

cantly higher signal in rna15-2 cells in this region confirmed that

loss of RNAPII indeed starts occurring in this region, presumably

associated with multiple sites of 30 end processing. The overall

distribution of these ratios for several datasets was represented with

boxplots and the statistical significance assessed with paired t-tests

in order to account for different termination efficiencies at each

polyadenylation site.

Dataset availability

All datasets used in this study are available under GEO numbers

GSE97913 and GSE97915.

Expanded View for this article is available online.
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