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SUMMARY

A large share of the non-coding transcriptome in yeast is controlled by the Nrd1-Nab3-Sen1 (NNS) complex,
which promotes transcription termination of non-coding RNA (ncRNA) genes, and by the nuclear exosome,
which limits the steady-state levels of the transcripts produced. How unconstrained ncRNA levels affect RNA
metabolism and gene expression are long-standing and important questions. Here, we show that degrada-
tion of ncRNAs by the exosome is required for freeing Nrd1 and Nab3 from the released transcript after termi-
nation. In exosome mutants, these factors are sequestered by ncRNAs and cannot be efficiently recycled to
sites of transcription, inducing termination defects at NNS targets. ncRNA-dependent, genome-wide termi-
nation defects can be recapitulated by the expression of a degradation-resistant, circular RNA containing a
natural NNS target in exosome-proficient cells. Our results have important implications for the mechanism of
termination, the general impact of ncRNAs abundance, and the importance of nuclear ncRNA degradation.

INTRODUCTION

The occurrence of pervasive transcription originating from the
promiscuity of RNA polymerase Il (RNAPII) initiation and intrinsic
bidirectionality of promoters requires strict spatial coordination
with the coding-gene-expression program in the compact
genome of the yeast Saccharomyces cerevisiae (Jensen et al.,
2013; Neil et al., 2009; Xu et al., 2009). Synthesis of mostly
non-functional, non-coding RNAs (ncRNAs) overlapping or anti-
sense to canonical transcriptional units can dampen the expres-
sion of coding mMRNAs through different mechanisms (Porrua
and Libri, 2015). Thus, several strategies are at play in cells to
control the production of ncRNAs and to shelter coding units
from neighboring, pervasive transcription events. The most-
prominent control on pervasive transcription is exerted through
transcription termination and nuclear RNA degradation, which
are intimately linked with each other.

The Nrd1-Nab3-Sen1 (NNS) complex terminates sn/snoRNAs
and a large fraction of pervasive ncRNAs, mainly represented by
cryptic unstable transcripts (CUTs). The RNA-binding proteins
Nrd1 and Nab3 bind nascent transcripts on specific sequence
motifs (GUAA/G and UCUUG, respectively) (Creamer et al.,
2011; Porrua et al., 2012; Wlotzka et al., 2011), which is followed
by the recruitment of the Sen1 helicase, which ultimately dis-
mantles the RNAPII elongation complex (Porrua and Libri,
2013). The NNS pathway acts early in transcription because
recruitment of the complex is prevalent within the first ~100 nt
from the transcription initiation site (Gudipati et al., 2008; Kubi-
cek et al.,, 2012; Milligan et al., 2016; Vasiljeva et al., 2008).
Consequently, pervasive transcripts are generally short
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(200-600 nt). NNS also binds nascent RNAs produced by
mRNA coding genes (Creamer et al., 2011; Webb et al., 2014;
Wilotzka et al., 2011), but NNS-dependent termination does not
occur efficiently at those sites, with the exception of a few cases
in which premature termination or attenuation contributes to
gene regulation (Arigo et al., 2006; Creamer et al., 2011; Kim
and Levin, 2011; Kuehner and Brow, 2008; Schulz et al., 2013;
Steinmetz et al., 2006; Thiebaut et al., 2008; Webb et al., 2014).

Another important facet of pervasive transcription that might
affect normal gene expression is the massive production of
ncRNAs. The accumulation of these transcripts might sequester
factors required for the expression and metabolism of functional
RNAs or bind to other RNA molecules or to single-stranded
DNAs produced during replication or repair. Strategies are in
place to destroy these potentially harmful transcripts, either in
the nucleus or in the cytoplasm. NNS-dependent termination is
the main genome-wide safeguard against pervasive transcrip-
tion because of its physical and functional coupling with the nu-
clear RNA degradation machinery. In budding yeast, nuclear
RNA decay is chiefly effected by the exosome, an evolutionary
conserved large protein complex with endonucleolytic and 3’
to 5’ exonucleolytic activities (Januszyk and Lima, 2014; Mitchell
et al., 1997). Both activities are carried by the core catalytic sub-
unit Dis3, whereas additional 3’ to 5’ exonucleolytic capacity is
provided by the nuclear-specific Rrp6 subunit (Gudipati et al.,
2012; Schneider et al., 2012). The exosome trims sn/snoRNAs
precursors to their stable mature forms, whereas it digests to
completion CUTs that indeed can only be detected upon exo-
some inactivation (Kilchert et al., 2016; Wyers et al., 2005). Tar-
geting of the nuclear exosome to RNA is facilitated by the
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TRAMP4/5 (Trf4/5-Air2/1-Mtrd-polyadenylation) complex (Falk
et al., 2014; LaCava et al., 2005; Vanacova et al., 2005; Wyers
et al., 2005), which also promotes exosome action by appending
a short poly(A) tail to its target RNAs. Importantly, Trf4 directly in-
teracts with Nrd1 (Tudek et al., 2014) and Rrp6 with Nab3
(Fasken et al., 2015), thus providing specificity and highlighting
the double role of the NNS complex in terminating transcription
and facilitating degradation of the ncRNAs.

Although the role of physical interactions between termination
and degradation factors in RNA degradation has in vitro mecha-
nistic support (LaCava et al., 2005; Tudek et al., 2014), the com-
plementary question of whether components of the degradation
machineries also have a role in transcription termination has re-
mained unsettled. Rrp6 has been proposed to be involved in
transcription termination of an antisense ncRNA that downregu-
lates expression of the PHO84 gene. It has been shown that, in
the absence of Rrp6, the recruitment of Nrd1 to the elongation
complex of the antisense RNA is defective, leading to a termina-
tion defect (Castelnuovo et al., 2013). At the genome-wide level,
rrp6 4 cells display extended RNA 3’ ends and a general redistri-
bution of RNAPII past the termination sites of many NNS targets,
such as CUTs and snoRNAs, suggesting a general requirement
for Rrp6 in NNS termination (Fox et al., 2015). Further corrobo-
rating a functional implication of nuclear degradation at large in
NNS termination is the observation that cells lacking Trf4 or
metabolically depleted for Mtr4, both subunits of the TRAMP
complex, also result in defective termination of selected NNS tar-
gets (Grzechnik and Kufel, 2008). In fission yeast, which lacks
NNS termination, depletion of the exosome subunits Dis3 or
Rrp41 induces RNAPII termination defects (Lemay et al., 2014).
Despite these observations, it remains unclear whether the nu-
clear exosome has a direct role in transcription termination.

Here, we show that, when CUTs are stabilized in rrp64 cells,
Nab3 and Nrd1 accumulate in vivo in association with undi-
gested transcripts, indicating that nuclear degradation is
required for the release of these termination factors from their
target RNAs. High-resolution transcription maps in rrp64 cells
allowed detection of transcription-termination defects specif-
ically at NNS targets. We provide evidence that these defects
are not due to a direct role of Rrp6, the exosome in termination,
but result from out-titration of Nrd1 and Nab3 by undigested
ncRNAs and defective recycling to sites of termination. Consis-
tent with this notion, we show that similar genome-wide termina-
tion defects at NNS targets can also be induced by expressing a
decoy, circular RNA containing a single natural CUT that is resis-
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Figure 1. Alternative Models for the Release
of Nrd1 and Nab3 from Bound RNAs after
Transcription Termination

(A and B) Nrd1 and Nab3 bind their target RNAs
during transcription (left), which is required for
NNS-dependent termination. At the termination
step, the RNA is released, presumably in complex
with Nrd1 and Nab3. Release of these factors from
the RNA may occur before (A) or concomitant with
(B) RNA degradation. Decreasing the efficiency of
degradation with exosome mutants is expected to
result in the accumulation of free RNA (A) or RNA
associated with Nrd1 and Nab3 (B).

(P2

tant to nuclear degradation and accumulates in exosome-profi-
cient cells. Our results provide a mechanistic ground for the role
of nuclear degradation factors in transcription termination. They
also have important and general implications for the effect of
ncRNAs generated by pervasive transcription in cellular pro-
cesses and underscore the essential nature of maintaining low
ncRNA steady-state levels by nuclear degradation.

RESULTS

When transcription termination of ncRNAs occurs through the
NNS pathway, transcripts are released from the site of transcrip-
tion, polyadenylated by TRAMP, and handed over to the nuclear
exosome for destruction (CUTs) or 3'-end trimming (snoRNAs).
These transcripts are likely released from the site of transcription
in association with Nrd1 and Nab3, because the Nrd1-Trf4 direct
interaction promotes their polyadenylation (Tudek et al., 2014).

One important question is how Nrd1 and Nab3 are released
from RNA to be recycled for subsequent cycles of termination.
One possibility (Figure 1A) is that removal of these proteins
from the transcript precedes, and is required for, its efficient
degradation. Indeed, it has been shown that binding of Nrd1 to
the RNA can efficiently block in vitro the 3'-5" exonucleolytic ac-
tivity of Rrp6, the nuclear catalytic subunit of the exosome (Vasil-
jeva and Buratowski, 2006). Alternatively (Figure 1B), Nrd1 and
Nab3 may be released from the RNA by the exosome during,
and because of, degradation. These two scenarios result in
very different consequences upon perturbing exosome activity.
According to the first model, preventing degradation should
result in the accumulation of RNAs that have already been freed
from bound Nab3 and Nrd1; if, in contrast, Nrd1 and Nab3 are
removed by the exosome during degradation, affecting exo-
some function should lead to the accumulation of Nrd1 and
Nab3 still in complex with the RNAs.

RNA Degradation Is Required for Releasing Nrd1 and
Nab3 from Their Targets
To distinguish between these scenarios, we assessed whether
the levels of the Nrd1-Nab3-RNA complex are affected by im-
pairing nuclear exosome function in rrp6 4 cells. Increased levels
should only be detected if degradation is required for release of
Nab3 and Nrd1 but not detected if release occurs before exo-
some action.

To detect the binding of Nab3 and Nrd1 in vivo, we employed
an improved version of the crosslinking and cDNA analysis
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protocol (CRAC) (Granneman et al., 2009; Candelli et al., 2018;
Challal et al., 2018). The proteins of interest are purified after a
step of in vivo UV crosslinking and the covalently associated
transcripts are sequenced, which provides a readout of the
extent and position of RNA binding. We verified that the level
of Nabg3 is not significantly affected and observed a marginal in-
crease in Nrd1 levels in rrp64 cells (Figure S1A; see below).

CRAC signals have two components: one, post-transcrip-
tional, deriving from the binding of proteins to RNAs that have
been released from the site of transcription; and a second, co-
transcriptional, coming from proteins binding to the nascent
RNA. Because the CRAC signal depends on the levels of tran-
scription, which might differ in wild-type (WT) and exosome-
defective rmp64 cells, we also measured transcription by
RNAPII CRAC (Milligan et al., 2016; Candelli et al., 2018; Challal
et al., 2018) in the two genetic backgrounds.

These analyses revealed that both Nrd1 and Nab3 accumulate
in association with typical NNS targets, CUTs, and snoRNAs
when these RNAs are not degraded efficiently in the absence
of Rrp6 (Figures 2A and S1B; see also S4C). As expected, the
observed increase in CRAC signals in rrp64 cells was paralleled
by an increase in the steady-state levels of CUTs and snoRNA
precursors, as measured by RNA sequencing (RNA-seq) (Fig-
ures 2A, S1B, and S4C). Importantly, however, this increase in
RNA steady state was only due to failure to degrade the released
transcripts and not to increased transcription initiation as
demonstrated by RNAPII CRAC for the individual examples
shown (Figures 2A, S1B, and S4C).

To extend these findings to a genome-wide perspective, we
focused on a manually curated, representative subset of 329
CUTs. We chose to generate a reannotated model set of CUTs
(see STAR Methods; Table S1) because early annotations,
mainly based on the automated detection of microarray signals
(Xu et al., 2009), do not generally account for novel and more ac-
curate datasets defining the transcription start site (TSS), the
termination region, and the RNAPII occupancy (Malabat et al.,
2015; Roy et al., 2016; Challal et al., 2018) In addition, we ac-
counted for NNS dependency (Roy et al., 2016; Candelli et al.,
2018) for a better distinction between CUTs that are NNS targets
and other ncRNAs.

The differential distribution of the Nab3 CRAC signal between
rrp64 and WT cells over the model set of CUTs aligned to their
TSS, and the corresponding metaprofiles of the two signals are
shown in Figure 2B (see also Figure 2D), which clearly demon-
strates that Nab3 accumulates in association with the RNA for
most features. A similar trend was also observed for the distribu-
tion of the Nrd1 signal, which cannot be explained by its slightly
increased abundance (Figure S2A and S2B). Because the results
with Nrd1 and Nab3 are qualitatively similar, we will focus here-
after on the analysis of Nab3 binding.

These results were consistently observed in three indepen-
dent replicates with a strong overlap of the features, displaying
a statistically significant increase in the signal (64% for Nab3,
false-discovery rate [FDR] < 0.05; see also Figure S3A). As
shown for the model cases (Figures 2A, S1B, and S4C), the in-
crease in the Nab3 signal did not parallel a general increase in
transcription, as determined by the RNAPII CRAC signal.
Average RNAPII occupancy was actually slightly decreased in
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rrp64 cells in the first 250 nt of the aligned CUTs (Figure 2C), a
region in which the Nab3 signal generally peaked in rrp64 cells
(Figures 2B and 2C). Similar results were obtained for snoRNAs
(Figure S2C).

Because transcription did not increase in the body of CUTs in
rmp64 cells, it is unlikely that the greater CRAC signal is due to an
increase in the co-transcriptional component of Nab3 (and Nrd1)
binding. Rather, this strongly suggests that, in the absence of
Rrp6, Nab3 and Nrd1 remain bound post-transcriptionally to
released RNAs that fail to be degraded by the exosome. These
results strongly support the notion that, after transcription termi-
nation, degradation of the RNA is required to release Nrd1 and
Nab3 bound to their targets.

RNA Degradation Is Required for Transcription
Termination at Nrd1 and Nab3 Targets

Careful analysis of the profile of RNAPII distribution revealed
that, in spite of a moderate decrease in the first 250 nt of aligned
CUTs, the downstream signal is generally greater in rrp64 cells
(Figure 2C, pink shaded area). This is also observed in the heat-
map shown in Figure 2D and is also apparent at snoRNAs (Fig-
ure S2D). Because CUTs are generally short and have an ill-
defined 3’ end, that downstream region largely overlaps the
termination region, suggesting the existence of a transcription-
termination defect. To formalize that, we computed, for each
CUT, a readthrough index, defined as the ratio between the sig-
nals in the first 100 nt of the termination region and the first 100 nt
after the TSS. This is proportional to the fraction of total tran-
scription events read through termination signals. The analyses
of the cumulative distribution of readthrough indices (log, ratios)
confirmed a clear and statistically significant increase of the
signal in rrp64, relative to WT, cells (p = 6.4E7%2; Figure 2E;
see also Figure S3A for a duplicate experiment). A parallel anal-
ysis for all mMRNA coding genes did not reveal a significant tran-
scription-termination defect (Figure S3B), which indicates that in
the absence of Rrp6 transcription termination is less efficient at
NNS targets but not at mMRNA-coding genes.

Failure to Release Nab3 from Undigested RNAs Affects
Its Free Levels and Recycling to Sites of Transcription
Although the existence of a termination defect in rrp6 4 cells was
previously reported (Gudipati et al., 2012; Castelnuovo et al.,
2013; Fox et al., 2015), the mechanistic reasons for the defect
were not elucidated. It has been proposed that the exosome
might directly affect termination, possibly by virtue of redundant
direct interactions of Rrp6 with Nab3 and Nrd1 (Fasken et al.,
2015; Fox et al., 2015).

In light of the finding that a defective exosome function causes
the post-transcriptional accumulation of RNAs still bound by
Nrd1 and Nab3, we hypothesized that the observed effects of
Rrp6 deletion on termination could be due to the out-titration
of Nrd1 and Nab3 by excess RNA. This would lead to a decrease
in their free concentration and the consequential reduced avail-
ability for further rounds of termination. Therefore, we set out to
address that hypothesis.

The first implication of this model is that the termination
phenotype of rrp64 cells should be linked to the catalytic func-
tion of the exosome and not to an alternative, putative function
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requiring the physical integrity of the complex. A similar tran-
scription-termination defect should, therefore, be observed in
cells expressing an Rrp6 catalytic mutant as the sole source of
the protein. Use of a strain expressing the catalytic Rrp6
D238A mutant (Assenholt et al., 2008) confirmed that prediction.
That mutation stabilized, as expected, the primary products of
termination for two model NNS targets: the NEL025C CUT and
SNR13 snoRNA (data not shown). Importantly, well-character-
ized products of readthrough transcription, similar to the ones
observed in rrp64 cells, were clearly observed by qRT-PCR at
both genes (Figures 2F and S3C). These results support the
notion that defective RNA degradation and not the physical pres-
ence of Rrp6 per se, is responsible for the transcription-termina-
tion phenotype.

A second prediction for the model is that titration of the Nrd1-
Nab3 module by excess ncRNAs would result in a decreased
availability of free Nab3-Nrd1 to bind the nascent RNAs, which
may be estimated by CRAC. However, we anticipated that the in-
crease in the post-transcriptional component of the CRAC signal
at NNS targets in rrp6 4 cells would drive the overall CRAC signal
and mask detection of changes in the co-transcriptional binding
to nascent NNS RNAs (Figure 3A, right). Nevertheless, it has
been shown that Nab3 and Nrd1 also bind to the 5’ end of
many transcripts derived from mRNA-coding genes, which
was also clearly observed in our CRAC experiments (see below).
We reasoned that decreased free levels of Nab3 and Nrd1 in
rrp64 cells should also affect their co-transcriptional binding to
nascent mRNAs. In that case, however, the post-transcriptional
component of the mRNA CRAC signal is unlikely to be signifi-
cantly different between rrp64 and WT cells because the
steady-state level of mMRNAs is not generally altered in rrp64
cells (Gudipati et al., 2012; see below). Therefore, changes in
the CRAC signal at mRNAs should reflect more accurately
changes in Nab3 co-transcriptional binding (Figure 3A). Conse-
quently, we monitored the binding of Nab3 to RNAs derived
from protein-coding genes as a proxy for the levels of general
Nab3 binding to nascent RNAs.

Consistent with the model, and opposite to what was
observed for CUTs and snoRNAs, CRAC analyses detected
decreased Nab3 binding to most mRNAs in the absence of
Rrp6 (Figure 3 and S4A). As shown by the individual examples
in Figure 3B, this reduction cannot be explained by decreased
transcription or altered steady-state levels of those RNAs
because the RNAPII CRAC and RNA-seq signal are similar in
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WT and rrp64 cells (Figure 3B). Decreased binding of Nab3 to
mRNAs was observed on a genome-wide scale at many genes,
as illustrated by the heatmaps shown in Figure 3C and the
metanalysis in Figure 3D for one of the three biological replicates
(Figure S7). For a more robust analysis, we focused on an
ensemble of the 1,606 most-transcribed genes selected on the
basis of their RNAPII occupancy (see STAR Methods; Table
S2); 62% of the features in this subset displayed reduced
Nab3 binding in the absence of Rrp6 (FDR < 0.05; Figure S4A).
A small decrease in RNAPII occupancy was observed at some
genes in rrp6.4 cells (data not shown; see also Figure 3C), and we
considered the possibility that the globally decreased Nab3
signal could be, to some extent, due to the decreased levels of
transcription at a set of genes. However, profiling the RNAPII
signal change at all genes sorted for the Nab3 signal change
clearly demonstrates that the two signals are poorly correlated
(Figure 3C). To substantiate those results, we selected only the
genes for which we did not detect a significant change in the
RNAPII CRAC signal (—0.1 < logo[rrp64/WT] < +0.1, n = 787; Ta-
ble S3). Even when transcription was not significantly altered, we
detected a statistically significant decrease of the Nab3 CRAC
signal at those genes (Figures 3E and S4B; p = 2.2E'9). Finally,
no appreciable changes in RNA abundance were observed by
RNA-seq analysis for genes that displayed reduced Nab3 bind-
ing in rrp64 cells (Figure 3C). These results strongly suggest that
the observed decrease in the CRAC signal cannot be explained
by lower levels of released mMRNAs and is most likely due to the
defective recruitment of the factors to the site of transcription.
To further corroborate these observations, we also tested
recruitment of Nab3 at the transcription site of the well-character-
ized NNS substrate NEL025C CUT by means of chromatin immu-
noprecipitation. We detected a clear decrease in Nab3 occu-
pancy in rmp64 cells, indicating decreased co-transcriptional
binding, in spite of the strongly increased overall interaction of
Nab3 with RNA detected by CRAC under the same conditions
(Figure S4C). Together, these data support the notion that titration
of the Nab3-Nrd1 RNA binding module by the undigested RNA of
NNS targets brings about a general reduction in free levels of the
complex and a defective recycling at the sites of transcription.

Excess ncRNAs Decoy Nrd1 and Nab3 from Termination
Sites in the Presence of Fully Functional Exosome

Data so far suggest that a defective exosome lacking its Rrp6
subunit leads to a redistribution of Nrd1-Nab3 binding toward

Figure 2. Nab3 and Nrd1 Accumulate in Complex with the Released RNA When Nuclear Degradation Is Defective in rrp64 Cells

(A) Read coverage determined by CRAC illustrating the binding of Nrd1 and Nab3 to representative CUTs and snoRNAs in the presence or absence of the
exosome component Rrp6, as indicated. RNA-seq signals are also shown in the two top tracks. Transcription levels determined by RNAPII CRAC in WT and rrp6 4
cells are indicated by the bottom two tracks (dark and light green, respectively). Total hit densities per million mapped reads are indicated (scale shown on the
right). The color code used in the tracks is maintained for all subsequent analyses.

(B) Metasite analysis of average Nab3 binding to a model set of CUTs in the presence or absence of Rrp6. Features were aligned by the TSS. Pink-shaded areas
(+250 to +500 nt downstream of TSS) approximate the region of termination. Color code as in (A).

(C) Same as in (B) for the RNAPII CRAC signal to illustrate average transcription levels at CUTs. Color code as in (A).

(D) Heatmaps illustrating the fold-change (log, rrp64/WT) distribution of Nab3 (left) and RNAPII CRAC signals (right) on CUTs in rrp64 relative to WT cells.
Features are aligned on the TSS and sorted by decreasing Nab3 average signal change (determined in the first 500 nt downstream of the TSS).

(E) Analysis of the cumulative distribution of CUTs readthrough indices (RI, logo rrp64/WT) in rrp6 4 relative to WT cells. Rls are calculated as the ratio between the
signals in the first 100 nt of the termination region and the first 100 nt after the TSS (as depicted by the scheme). RT, readthrough.

(F) gRT-PCR analysis of NEL025c levels in WT, rrp6 4, and the catalytic Rrp6-D238A mutant cells as indicated. Amplimers immediately downstream of the CUT
termination site were used to detect readthrough species. Average of three experiments; error bars represent SD.
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Figure 3. Titration of Nrd1 and Nab3 by Excess ncRNA in rrp64 Cells Decreases Their Free Pool and Co-transcriptional Binding
(A) Scheme presenting the consequences of the out-titration of the Nrd1 and Nab3 RNA-binding module by excess ncRNA in rrp6 4 cells. The overall CRAC signal
is contributed by both co- and post-transcriptionally bound Nrd1-Nab3 to the RNA. In rrp6.4 cells, excess ncRNAs titrates out the Nab3-Nrd1 heterodimer, thus

(legend continued on next page)
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post-transcriptionally stabilized ncRNAs to the detriment of
binding to nascent transcripts. In turn, that suggests that Rrp6
is involved in termination because of the accumulation of excess,
unprocessed RNA that titrates the Nrd1-Nab3 RNA binding
module, a conclusion also supported by the use of a Rrp6 cata-
lytic mutant. However, a direct, degradation-independent func-
tion of Rrp6 in transcription termination cannot be formally
excluded so far.

If defective degradation underlies the termination phenotype,
it should be possible to mimic a degradation defect by producing
excess RNA targets for the NNS RNA-binding module in cells
normally expressing WT Rrp6 and exosome. Therefore, we de-
signed an NNS decoy to titrate the complex without impairing
exosome function or presence.

We first identified, within the Nab3 CRAC dataset, a strongly
bound, natural NNS target whose sequence contains six
consecutive Nab3 binding sites (CUT348). To accumulate
CUT348 to high levels and mimic the excess of ncRNAs in
rrp64 cells, we exploited the natural resistance to exonucleolytic
digestion of circular RNAs. We created a plasmid-borne chimeric
construct expressing, under the control of the Tetorr promoter,
an artificial pre-mRNA interrupted by the efficiently spliced
S. cerevisiae RPS17A intron in which we inserted CUT348 up-
stream of the branchpoint sequence (pTet-i-CUT; Figure 4A).
This construct, its control version without CUT348 (pTet-i), or
an empty vector were then transformed into either a WT strain
orinto dbr1 4 cells lacking the nonessential debranching enzyme
Dbr1. When splicing occurs, introns are released under a circular
form (lariat) in which the 5’ end of the intron is covalently linked to
the 2’-OH of an internal A (branchpoint). Lariats can be degraded
efficiently only after a linearization step operated by Dbr1. In
dbr14 cells, lariats released from splicing cannot be linearized
and accumulate as circular molecules that are resistant to diges-
tion by nucleases (Chapman and Boeke, 1991). By these means,
we intended to use the lariat released by splicing of the pTet-i-
CUT pre-mRNA as a structure protecting the NNS target from
degradation.

We verified the correct expression of the decoy construct, the
occurrence of splicing, and the accumulation of the lariat in
dbri14 cells by northern blot using specific probes (Figure 4B
and data not shown). As expected, a signal corresponding to
the endogenous RPS17A lariat was detected in dbr14 cells,
which was only slightly enhanced in cells expressing the
pTet-i-CUT and pTet-i constructs grown in the presence of doxy-
cycline (i.e., under non-activating conditions Figure 4B, lanes
4-6). When expression of the constructs was induced upon
release of doxycycline inhibition, lariats from the decoy construct
and its control version without CUT348 accumulated strongly in

¢ CellP’ress

dbrid cells only (Figure 4B, lanes 10-12). Thus, controlled
expression of the pTet-i-CUT pre-mRNA in dbr14 cells leads,
indeed, to substantial accumulation of CUT348, which is shel-
tered from nucleases digestion even in exosome-proficient cells.

Next, we asked whether expression of the decoy was able to
effectively mimic the increased steady-state levels of NNS tar-
gets observed in degradation-defective cells, which we ex-
pected to affect transcription termination. We initially monitored
transcription termination of the model CUT NEL025c¢ by northern
blot analysis. In line with expectations, we observed a moderate,
but consistent, effect of the expression of the decoy with respect
to the controlintron in dbr1 4 cells, leading to the accumulation of
signals corresponding to the readthrough form of NEL025c¢ (Fig-
ure 4C). These readthrough RNAs derive from termination occur-
ring at cryptic cleavage and polyadenylation factor/cleavage
factor (CPF/CF) sites and are more stable than RNAs derived
from NNS-dependent termination because they escape NNS-
dependent nuclear degradation (Thiebaut et al., 2006; Schulz
et al., 2013).

To further support these findings, we reasoned that the effect
of the decoy would be exacerbated in a genetic background that
is already sensitized to alterations in NNS termination, and we
expressed the decoy construct in a double-mutant seni-1
dbr1 4 strain, grown at the semi-permissive temperature for the
seni-1 allele (34°C). Consistent with expectations, we observed
a clear termination defect at the NEL0O25c locus upon expression
of the CUT348 decoy RNA, revealed by the increased detection
of readthrough RNAs (Figure 4D). An overall 3-fold increase in
readthrough transcripts was evaluated by gRT-PCR (Figure 4E).
Together, these data support the notion that elevated levels of
undigested target RNAs perturb NNS-dependent termination
even in the presence of a fully functional nuclear exosome.

Expression of the Nab3 Decoy Alters the Transcriptome
and Affects Cellular Fitness

To extend these results to a genome-wide perspective, we
analyzed the transcriptome of dbr14 and sen1-1 dbr14 cells ex-
pressing the pTet-i-CUT decoy or the pTet-i control construct,
after 6 h of exposure at the semi-permissive temperature of
34°C. Failure to terminate transcription in an NNS-dependent
manner was expected to generate stable readthrough tran-
scripts that escape nuclear degradation. Consistently, and as
exemplified by the cases reported in Figure 5A, we observed
increased RNA levels of most NNS targets, such as CUTs in
response to the expression of the decoy RNA in dbr14 cells.
Similar to what was previously observed for the NEL0O25¢c CUT,
this effect was also clearly observed in the sen7-7 dbr14 strain,
and in some instances, it was exacerbated as a reflection of the

inducing a decrease in its free amount (indicated by transparency). This is expected to bring about a decrease in binding to nascent transcripts that can be better
detected at mMRNAs, whose steady state is not significantly affected in rrp64 cells. Brackets indicate that these post-transcriptional complexes might not
significantly contribute to the CRAC signal, possibly because of either fast export (NRNAs) or fast degradation (CUTs).

(B) Nab3 and Nrd1 read coverage for representative mRNAs in the presence or absence of Rrp6. RNA-seq and RNAPII signals are shown in the top and bottom

tracks as in Figure 2A. Total hit densities per million mapped reads.

(C) Heatmaps showing the fold-change distribution (log, rrp6 4/WT) of Nab3 CRAC (left), RNAPII CRAC (middle), and RNA-seq signals for all mMRNAs. Features are
aligned on the TSS and sorted by decreasing Nab3 average signal within the first 500 nt downstream of the TSS.

(D) Metagene analysis showing the median Nab3 binding to mRNAs, same set as in (C), in the presence or absence of Rrp6. Features were aligned by the TSS.
(E) Metagene analysis of median Nab3 (top) binding to a set of 787 mRNAs for which no significant change in the RNAPII CRAC signal (bottom) was detected

between rrp64 and WT cells. Features were aligned by the TSS.
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pre-existing partial impairment of NNS termination at the semi-
permissive temperature of 34°C (Figure 5A). Importantly, a
marked increase of the median steady-state level was detected
on a genome-wide scale for CUTs, strongly supporting the
notion that expression of the decoy RNA specifically and gener-
ally perturbs NNS termination (Figure 5B; see Figure S5A for the
cumulative distribution of CUT levels).

It is theoretically possible that the exosome is co-titrated by
the decoy, together with the NNS RNA-binding module, which
might mimic the effects observed in rrp6 4 cells. However, a sig-
nificant out-titration of the exosome would imply a strong stabi-
lization of the primary transcripts of CUTs or snoRNAs, which are
strongly sensitive to exosome levels and are largely predominant
over readthrough transcripts in rrp64 cells. This was clearly not
observed because the transcriptome profiles of NNS targets,
upon expression of the decoy, are dominated by the readthrough
transcript and are clearly distinct from the profiles observed in
rmp64 cells (Figure S5B; see also Figure 5E for snoRNA
examples).

Importantly, although expression of the decoy in both dbr14
and sen1-1 dbri14 cells generated transcription-termination de-
fects on a genome-wide scale at many CUTs and snoRNAs (Fig-
ures 5C, left and middle heatmaps), its effect was marginal on
termination of non-NNS targets, such as mRNAs (Figure 5D).
To assess in more detail the effect of decoy expression on the
coding transcriptome, we profiled changes in steady-state levels
of all MRNAs upon expression of the circular CUT. As illustrated
in the right-most heatmap presented in Figure 5C, the levels of
most mRNAs were unaffected. RNA-seq signals were increased
for a small class of mRNAs; however, in most cases (e.g., 84% of
the 50 features with highest signal), the increase in genic signal
results from the overlap with the readthrough from the upstream
NNS-dependent transcription units (note the prevalence of an
increased log, ratio signal upstream of the TSS in the Figure 5C
mRNA heatmap). Representative snapshots illustrating these
cases are shown in Figure 5E. It is unclear to what extent some
of the presumably 5'-extended transcripts derived from these
genes might be functional. One interesting case in this sense is
represented by the NRD17 gene itself. This locus is subject to au-
toregulation by attenuation, with the NNS complex prompting
early termination (Arigo et al., 2006). NRD1 RNA levels clearly

¢ CellP’ress

increased upon altering the recycling of Nab3 by expressing
the decoy RNA (Figure S6A), possibly leading to somewhat
increased Nrd1 expression. A few dubious open reading frame
(ORF) genes are also present in this class, which are most likely
non-coding transcription units sensitive to the NNS (e.g., 12% of
the 50 most-upregulated genes).

Finally, a few mRNAs have decreased steady-state signals. Vi-
sual inspection of the most affected genes did not, in most cases,
reveal a possible role for the non-coding readthrough transcription
that might affect their expression, suggesting the prevalence of in-
direct effects. Nevertheless, we identified a few cases in which
extended non-coding antisense transcription largely overlapped
the promoter of a sense gene and could be responsible for the
decreased expression observed (Figure S6B).

Last, we monitored growth at different temperatures of sen7-1
adbr14 cells carrying either the decoy or the control construct in
the presence or absence of doxycycline. Notably, expression of
the decoy construct, but not the control, led to the exacerbation
of the growth defects of the sen7-1 mutation at the semi-restric-
tive temperature of 34°C and even moderately at the physiolog-
ical temperature of 30°C (Figure 6A). To corroborate that finding,
we closely followed the growth of sen7-1 dbr1 4 cells expressing
the decoy construct for 32 h after release of doxycycline inhibi-
tion at both 30°C and 34°C. After dilution of cells at 24 h, effects
on fitness were evident already at the permissive (30°C) temper-
ature, whereas growth at the semi-permissive (34°C) tempera-
ture was severely affected (Figure 6B). This result suggests
that the extent of the observed genome-wide NNS-termination
impairment induced by expression of the decoy RNA is sufficient
to further compromise growth of the sensitized sen7-1 strain.

We conclude that excess target RNAs titrate the Nab3-Nrd1
heterodimer, specifically leading to inefficient termination at
NNS-dependent sites. These results underscore the importance
of nuclear degradation in the recycling of the Nrd1-Nab3 RNA-
binding module to sites of transcription termination, which can
be limiting for efficient NNS-dependent transcription termina-
tion. Together, these results also exemplify the essential role of
degradation in controlling cellular amounts of pervasive ncRNAs,
which could otherwise alter the appropriate dynamics of protein-
RNA association in processing and ribonucleoprotein (RNP)
biogenesis.

Figure 4. Titration of Nab3 by a ncRNA Decoy Generates Termination Defects in the Presence of a Fully Functional Exosome

(A) Top: scheme of the pTet-i-CUT decoy construct. The LEU gene is from C. glabrata and contains the RPS77A intron with CUT348 inserted upstream of the
branch point (BP). The sequence of CUT348 is indicated as well as the positions of the 5’ and 3’ splice sites (SSs). The construct is driven by the Prgr promoter.
Bottom: scheme depicting the expected RNA products resulting from expression of pTet-i-CUT, the pTet-i control construct lacking the intron and the empty
vector control.

(B) Northern blot analysis of total RNA extracted from either WT or dbr1 4 cells transformed with either an empty vector, the control (intron), or the decoy construct
(intron + CUT) as indicated. The blot was hybridized with an RPS717A intron probe, at the approximate position indicated in (A), and a PGK1 probe for
normalization. Identity of species is indicated on the right. Note that the species observed in lanes 4-6 correspond to the accumulation of the lariat derived from
the endogenous RPS17A gene and possibly from a small level of leakage transcription from the repressed Tet promoter.

(C) Northern blot analysis of transcripts derived from the NELO25c locus, as depicted in the scheme below. The position of the readthrough species (terminated at
cryptic downstream terminators) is indicated on the right. Note that in dbr1 4 cells, an RNA species terminated at the primary site is partially stabilized, which is not
dependent on the expression of the CUT decoy.

(D) Northern blot analysis of RNAs extracted from sen7-1 dbr1 4 cells transformed with either the control or decoy construct, grown in the presence or absence of
doxycycline, as indicated. The blot was hybridized with a NEL025¢ probe. Species are identified on the right.

(E) Quantification by gRT-PCR analysis of the NELO25c readthrough RNA levels in sen1-1 dbr14 cells carrying the indicated constructs, as detected in (D). The
graph shows the fold-enrichment relative to the control construct pTet-i in either the presence or absence of doxycycline, as indicated. Average of three ex-
periments; error bars represent SD.
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DISCUSSION

The reach of pervasive transcription in the compact yeast genome
predicts that an efficient recognition and clearance systemrids the
cells of an unwanted excess of transcription events and ncRNAs
because these might have deleterious repercussions on cellular
programs. The NNS termination complex serves that recognition
function genome-wide by earmarking target transcription events
and addressing released transcripts to the TRAMP/exosome nu-
clear RNA degradation machinery. Although the effect of non-cod-
ing transcription on the expression of coding genes or on other
DNA-associated events has been addressed by many studies,
not much is known about the effect of the massive accumulation
of ncRNAs in the cells when degradation is impaired. The unsched-
uled persistence of these transcripts in the cell might divert cellular
factors from their normal functions or interfere with processes that
generate functional, single-stranded nucleic acid molecules sus-
ceptible of being bound by those RNAs. Here, we address that
question by demonstrating how ncRNAs can decoy cellular qual-
ity-control mechanisms and generate effects that affect their
own production. Our data show that efficient transcription termina-
tion demands the continuous recirculation of the Nab3-Nrd1 RNA-
binding module between the RNAPII elongation complex and the
released RNAs targeted to the exosome, which is contingent
upon proficient degradation of NNS-bound RNAs.

The nuclear RNA-degradation machinery has been previously
reported to affect termination in budding yeast (Gudipati et al.,
2012; Castelnuovo et al., 2013; Fox et al., 2015; Grzechnik and
Kufel, 2008), possibly by virtue of direct contacts between the
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Figure 6. Growth Defects Induced by Expres-
sion of the Decoy

(A) Growth at different temperatures of sen7-7 dbr14
cells transformed with either the control or decoy
construct in either the presence or absence of
doxycycline, as indicated. Note that the red color,
characteristic of ade2 null cells, develops at a slower
rate in poorly growing cells.

(B) Growth curves of sen1-1 dbr14 cells expressing
either the control or decoy construct after release of
doxycycline inhibition, at the indicated temperature
for the indicated time after dilution of cells at 24 h of
growth. Average of three experiments; error bars
represent SD.

growth at 34°C

exosome Rrp6 and/or TRAMP Trf4 sub-
units with the NNS (Fasken et al., 2015; Tu-
dek et al., 2014). These or other decay fac-
tors could be envisioned to directly act on
RNAPII, for instance, by influencing its
elongation rate or pausing state or to
directly facilitate the function of the NNS complex in termination
or its recruitment. Although these undocumented functions still
remain a possibility, our data demonstrating the sequestration
of Nab3 and Nrd1 by undigested RNA targets in rrp64 cells
clearly point to a prominent role for the exosome in dislodging
NNS from the post-transcriptional population of terminated
ncRNAs released from RNAPII. We believe that our model (Fig-
ure 7), invoking recycling of the NNS as the critical step depen-
dent on Rrp6 and nuclear surveillance at large, provides an alter-
native, mechanistic facet to the interpretation of these earlier
results. Strong evidence for this model is provided by (1) the
dependence of termination defects on RNA degradation rather
than exosome physical integrity and (2) the generation of termi-
nation defects genome-wide when mimicking a ncRNA’s over-
abundant state by the expression of a stable decoy in the pres-
ence of fully functional exosome.

Defective termination due to the inability of a crippled exo-
some to negotiate timely degradation of ncRNAs reveals that
the Nrd1-Nab3 heterodimer can become limiting in yeast cells.
Consistent with that notion, a recent study proposed that the
two proteins have reduced binding to CUTs when the bacterial
terminator Rho is expressed in yeast, presumably because
Nab3 and Nrd1 recruitment is diverted to a set of Rho-sensitive
mRNA coding genes (Moreau et al., 2019). This limiting pool of
the Nrd1-Nab3 module could reflect a requirement for an optimal
cellular concentration of these factors and surveillance compo-
nents to allow control of pervasive transcription events, still
avoiding the inappropriate triggering of transcription termination
at mRNA transcription units, which are largely populated by the

Figure 5. Genome-wide Termination Defects Induced by Titration of Nab3

(A) RNA-seq read coverage for representative examples illustrating how the expression of the decoy construct induces accumulation of readthrough species.
Strains and constructs are indicated on the left. Total hit densities per million mapped reads are indicated on the right.

B) Metagene analysis of median RNA-seq signals for the indicated strains containing the indicated constructs. CUTs were aligned by the TSS.

C) Heatmaps showing the fold-change distribution (log, intron + CUT/intron) of RNA-seq signals in dbr14 cells for CUTs (left), snoRNAs (middle), and mRNAs

D) Metagene analysis of median RNA-seq signals for dbr14 cells containing the indicated constructs. mRNAs were aligned by the polyadenylation site (pA).

(
(
(right). Features are aligned on the TSS and sorted by decreasing average signal within the first 500 nt downstream of the TSS.
(
(

E) Asin (A), for representative examples illustrating increases in genic signal resulting from the overlap with upstream readthrough, NNS-dependent transcription

upon expression of the decoy construct.
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NNS (Creamer et al., 2011; Wiotzka et al., 2011; Webb et al.,
2014; this study). In line with that, simply providing excess
Nab3 and/or Nrd1 was not sufficient, in our study, to restore effi-
cient termination in either rrp64 cells or in the presence of the
decoy (data not shown) and, on the contrary, displayed adverse
effects.

Limiting concentrations of these factors also implies that the
tuning of Nrd1 and Nab3 levels has a large potential for regula-
tion. Regulation of nuclear degradation machineries under phys-
iological conditions or environmental changes may impinge on
the flow of NNS recycling and induce changes in the availability
of the complex. Modulation of recycling may then offer an oppor-
tunity for regulation, prompting adaptive responses to varying
conditions through termination and degradation. Such re-
sponses could involve rapid tuning of the levels of specific
mRNAs, could strengthen general transcriptional reprogram-
ming, and could, generally, act earlier than cytoplasmic decay.

Recently, it has been clearly demonstrated that defined clas-
ses of mMRNAs undergo NNS- and TRAMP-dependent damp-
ening or enhancing of their expressions after glucose starvation
because of a redistribution of the complex binding under that
particular stress condition (Bresson et al., 2017; van Nues
et al.,, 2017). In that regard, regulation through recycling could
represent a different facet of the same design. We did not detect
a general anticorrelation between the decrease of Nrd1-Nab3
binding at MRNA genes and their upregulation, most likely
because attenuation—and its possible dependence on Nab3-
Nrd1 recycling—does not occur systematically upon Nab3-
Nrd1 binding to nascent mRNAs. However, recycling-dependent
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Figure 7. Model for Recycling the NNS
Complex

Scheme depicting the proposed recycling of the
NNS RNA binding module from released transcripts
targeted for decay by the TRAMP/exosome to the
transcription elongation complex for termination.
Exonucleolytic degradation removes the Nrdi-
Nab3 binding module from RNAs, thus feeding the
free pool for efficient recycling. In rrp64 cells,
accumulation of undigested RNAs traps Nrd1 and
Nab3 in a post-transcriptional state, decreasing the
pool available for association to RNAPII.

regulation could take place at a set of spe-
cific genes, possibly exemplified by the
NRD1 locus (Figure S6A).

It cannot be excluded that NNS binding
to mRNAs 5’ ends generally induces early
termination and ensuing nuclear decay to
levels below detection. Subtle changes in
the levels of many mRNAs might be
sensed and become critical only when
cellular fitness is challenged by internal
or external cues.

Our results underscore the importance
of controlling the steady-state levels of
the ncRNAs produced by pervasive tran-
scription and the essential role of the exo-
some in that respect. It is unclear to what extent the activity of the
exosome is regulated under different physiological conditions
with ensuing effects on the overall levels of ncRNAs. It has
been shown that Rrp6 expression is affected during meiosis,
leading to the stabilization (or de novo production) of a set of
ncRNAs called meiotic unannotated transcripts (MUTs) (Larde-
nois et al., 2011). NNS recycling might be affected in these con-
ditions and, possibly, be accounted for by the production of a set
of MUTs. It was also proposed that Rrp6 function might be regu-
lated during cellular senescence, leading to NNS-dependent
termination defects (Camblong et al., 2007; Castelnuovo et al.,
2013), which could well be caused by titration of termination fac-
tors as we demonstrate here. Whether modulation of the exo-
some function also occurs in other cellular states or during re-
sponses to environmental stimuli remains a matter for future
work.

A few studies have proposed that defects in cytoplasmic RNA
degradation might be buffered by decreased transcription to
guarantee similar overall RNA steady-state levels (Haimovich
etal., 2013; Medinaetal., 2014; Sun et al., 2013). It has been pro-
posed that cytoplasmic degradation factors also function
directly in transcription and modulate gene expression (Haimo-
vich et al., 2013; Medina et al., 2014). Our study offers a different
mechanistic perspective to the notion of cross-talks between
degradation and transcription by proposing a mode of action
that involves the decrease in the active concentration of protein
factors because of their titration by undigested RNA molecules.
We foresee that this paradigm will transcend the case under
study here and the yeast model and might be applicable in all
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instances in which an inappropriate accumulation of RNA mole-
cules is at stake. In agreement with this notion, it was proposed
that the accumulation of the poly(A)-binding protein Nab2 on
mRNAs upon nuclear export failure prevents its recycling to
newly transcribed molecules (Tudek et al., 2018). In addition,
the binding to chromatin of the human polycomb repressive
complex 2 was found to be partially compromised, possibly
because of its association with undigested ncRNAs in cells
deleted for nuclear degradation factors (Garland et al., 2019).
Our study evokes the possibility that recycling of specific
limiting factors might control or fine-tune many other nuclear pro-
cesses involved in the maturation of RNA. As the path to the gen-
eration of the final RNA functional forms is very often made up of
intimately coupled steps, we anticipate that future studies aimed
at identifying which of these are sensitive to recycling will
contribute relevant insights into the versatility of RNA processing.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-polyHistidine (HIS-1) Sigma-Aldrich Cat# H1029; RRID: AB_260015
Mouse monoclonal anti-RNAPII (8WG16) Covance Cat# MMS-126R; RRID: AB_10013665
Mouse monoclonal anti-c-Myc (9E10) Santa Cruz Cat# sc-40; RRID:AB_627268
Rabbit Peroxidase Anti-Peroxidase Soluble Complex Sigma-Aldrich Cat# P1291; RRID: AB_1079562
Goat anti-rabbit IgG-HRP Santa Cruz Cat# sc-2004; RRID: AB_631746
Goat anti-mouse IgG-HRP Santa Cruz Cat# sc-2005; RRID: AB_631736
1gG from rabbit serum Sigma-Aldrich Cat# 15006; RRID: AB_1163659
Rabbit polyclonal anti-Nab3 This paper N/A

Rabbit polyclonal anti-Nrd1 This paper N/A

Chemicals, Peptides, and Recombinant Proteins

cOmplete EDTA-free protease inhibitor cocktail tablets
Benzamidine Hydrochloride Hydrate
Pefabloc SC-Protease-Inhibitor

DNase | recombinant, RNase-free
Dynabeads M-280 Tosylactivated
Recombinant GST-TEV protease
RNace-It Ribonuclease Cocktail
Guanidine hydrochloride

Ni-NTA Agarose

Imidazole

Alkaline Phosphatase, Calf Intestinal (CIP)
RNaseOUT Recombinant Ribonuclease Inhibitor
T4 RNA Ligase 2, truncated KQ

T4 Polynucleotide Kinase

T4 RNA Ligase 1 (ssRNA Ligase)
Proteinase K, recombinant, PCR grade
SuperScript IV Reverse Transcriptase
RNase H

Exonuclease |

LA Taq

Phusion High-Fidelity DNA Polymerase
GoTagq Flexi DNA Polymerase

M-MLYV Reverse Transcriptase
Streptavidin Protein, HRP

Sigma-Aldrich (Roche)
Sigma-Aldrich

Carl Roth

Sigma-Aldrich (Roche)

Thermo Fisher Scientific (Invitrogen)
This paper; Granneman et al., 2009
Agilent

Sigma-Aldrich

QIAGEN

Sigma-Aldrich

NEB

Thermo Fisher Scientific (Invitrogen)
NEB

NEB

NEB

Sigma-Aldrich (Roche)

Thermo Fisher Scientific (Invitrogen)
NEB

NEB

Takara

NEB

Promega

Thermo Fisher Scientific (Invitrogen)
Thermo Fisher Scientific (Pierce)

Cat# 11873580001
Cat# B6506

Cat# A154.3

Cat# 04716728001
Cat# 14204

N/A

Cat# 400720

Cat# G4505

Cat# 30230

Cat# 10125

Cat# M0290L
Cat# 10777019
Cat# M0373L
Cat# M0201L
Cat# M0204L
Cat# 03115887001
Cat# 18090050
Cat# M0297S
Cat# M0293S
Cat# RR0O02M
Cat# M0530S
Cat# M8291

Cat# 28025013
Cat# 21126

Critical Commercial Assays

LightCycler FastStart DNA Master SYBR Green |
LightCycler 480 SYBR Green | Master
Megaprime DNA Labeling System, dCTP
NucleoSpin Gel and PCR Clean-up

Pierce Spin Columns - Snap Cap

Vivacon 500

Qubit dsDNA HS Assay Kit

ULTRAhyb Ultrasensitive Hybridization Buffer

el Cell Reports 32, 107942, July 21, 2020

Roche

Roche

GE Healthcare Life Sciences
Macherey-Nagel

Thermo Fisher Scientific

Sartorius

Thermo Fisher Scientific (Invitrogen)
Thermo Fisher Scientific (Ambion)

Cat# 12239364001
Cat# 04887352001
Cat# RPN1607
Cat# 740609
Cat# 69725
Cat# VNO1H22
Cat# Q32851
Cat# AM8670
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
ULTRAhyb Oligo Hybridization Buffer Thermo Fisher Scientific (Ambion) Cat# AM8663
Amersham Hybond-N+ GE Healthcare Life Sciences Cat# RPN203B

Deposited Data

RNA-seq data This paper GEO: GSE137632
CRAC data This paper GEO: GSE137881
Experimental Models: Organisms/Strains

S. cerevisiae: (Strain background: DLY671; as W303 F. Lacroute N/A
but trp14)

MATa ura3-1 ade2-1 his3-11,15 leu2-3,112 trp14

can1-100

DLY815 MATa rrp64::KAN ura3-1 ade2-1 his3-11,15 Libri lab N/A
leu2-3,112 trp14 can1-100

DLY1211 MATa ura3-1 ade2-1 his3-11,15 leu2-3,112 Assenholt et al., 2008 N/A
trp1-1 can1-100

DLY1213 MATa RRP6D238A ura3-1 ade2-1 his3-11,15 Assenholt et al., 2008 N/A
leu2-3,112 trp1-1 can1-100

DLY2571 MATa RPO21::HTP::TRP1 ura3-1 ade2-1 This study N/A
his3-11,15 leu2-3,112 can1-100

DLY2801 MATa RPO21::HTP::TRP1 rrp6 4::URA3KI This study N/A
ade2-1 his3-11,15 leu2-3,112 can1-100

DLY2709 MATa NAB3::HTP::TRP1 ura3-1 ade2-1 This study N/A
his3-11,15 leu2-3,112 can1-100

DLY2711 MATa NAB3::HTP::TRP1 rrp64::KAN ura3-1 This study N/A
ade2-1 his3-11,15 leu2-3,112 can1-100

DLY2883 MATa NRD1::HTP::TRP1 ura3-1 ade2-1 This study N/A
his3-11,15 leu2-3,112 can1-100

DLY2884 MATa NRD1::HTP::TRP1 rrp64::KAN ura3-1 This study N/A
ade2-1 his3-11,15 leu2-3,112 can1-100

DLY2856 MATw dbr14::HIS3 cup14::KAN ura3-1 This study N/A
ade2-1 leu2-3,112 trp14 can1-100

DLY2915 MATa dbr14::HIS3 sen1-1 ura3-1 ade2-1 This study N/A
leu2-3,112 trp14 can1-100

Oligonucleotides

See Table S4 This study N/A
Recombinant DNA

PGEX4T-1-AcTEV-ARG6 Granneman et al., 2009 N/A
pBS1479-HTP-TRP1 Granneman et al., 2009 N/A
pDL850 (pTetorr-CgLEU2-URAS3-21) This study N/A
pDL865 (pTetorr-CgLEU2-ScRPS17Aintron- This study N/A
URAS3-21)

pDL866 (pTetorr-CgLEU2-ScRPS17Aintron- This study N/A

CUT348-URA3-2y)

Software and Algorithms

pyCRAC v1.2.2.7

cutadapt v1.5
Trimmomatic v0.33

Fastx toolkit v0.0.13
Bowtie2 v2.2.3

peakCcall

Webb et al., 2014

Martin, 2011
Bolger et al., 2014

Hannon Lab
Langmead and Salzberg, 2012

Challal et al., 2018

https://git.ecdf.ed.ac.uk/sgrannem/pycrac/
blob/master/setup.py

https://github.com/marcelm/cutadapt

http://www.usadellab.org/cms/?page=
trimmomatic

http://hannonlab.cshl.edu/fastx_toolkit/

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Available upon request to D.L. or M.B.

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Qubit Fluorometer Thermo Fisher Scientific (Invitrogen) Cat# Q32857

Gelfree 8100 Fractionation Station Expedeon Cat# 48100

Gelfree 8100 5% Tris Acetate Cartridge Kit Expedeon Cat# 42104

“Megatron” W5 UV crosslinking unit UVOS3 Ltd https://www.uvo3.co.uk
Mixer Mill MM 400 Retsch Cat# 20.745.0001

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Dome-
nico Libri (domenico.libri@ijm.fr).

Materials Availability
All unique reagents generated in this study are available from the Lead Contact without restriction.

Data and Code Availability
All dataset used in this study are available under GEO numbers GSE137632 and GSE137881.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains

All yeast strains used in this study are listed in the Key Resources Table. Yeast genome manipulations (gene deletions and tagging)
were performed using a one-step PCR-mediated technique (Longtine et al., 1998), and verified by sequencing, western blotting, and
phenotype.

Growth Conditions

Yeast strains were grown according to standard methods. For UV crosslinking, strains were grown overnight in 200 mL YPD at 30°C,
diluted to ODggg of 0.05 in 2 L CSM-TRP medium and grown to ODgqg of 0.6 at 30°C. For the experiments described in Figures 4, 5,
and 6 involving expression of the decoy construct under control of the Tetorr promoter, strains were grown in CSM-URA medium
supplemented with 2 ng/ml Doxycycline at 25°C to mid-log phase, back diluted to early-log phase in the same medium and shifted
to the semi-permissive temperature of 34°C for 6 hours, in the presence or absence of Doxycycline. Similarly, for growth assays, five-
fold serial dilutions of cell cultures were spotted onto CSM-URA in the presence or absence of Doxycycline.

METHOD DETAILS

RNA analysis

RNA was extracted from exponentially growing yeast cultures by the hot-phenol method (Schmitt et al., 1990). Northern blot analyses
were performed with standard procedures, using 5% acrylamide/7.5M urea or 1.2% agarose/0.67 %formaldehyde gels. RNAs were
transferred to Amersham Hybond N+ membrane (GE Healthcare Life Sciences) and probed with 5’ end-labeled oligonucleotides or
PCR fragments labeled by random priming (Megaprime DNA Labeling System, GE Healthcare Life Sciences). Hybridizations were
performed in UltraHyb or UltraHyb-Oligo (Ambion) commercial buffers at 42°C. RT-qPCR was performed with standard procedures
on 4 pg total RNA with 200 u M-MLV RT (Invitrogen), using the primers listed in Table S4. Samples were analyzed by gPCR with SYBR
Green using a LightCycler LC480 apparatus (Roche) and quantification was performed using the AACt method. Controls without
reverse transcriptase were systematically run in parallel to estimate the contribution of contaminating DNA. Amplification efficiencies
were calculated for every primer pair in each amplification reaction.

Chromatin Immunoprecipitations

ChIP was essentially performed as described (Thiebaut et al., 2006) using tosylactivated dynabeads coupled with rabbit IgG to cap-
ture the Nab3 HTP-tagged protein and antibodies against the Rpb1p subunit of RNAPII. PCR-derived values were corrected for the
efficiency of amplification that was measured for every set of amplification reaction. All amplifications were done in duplicate, and the
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average value was used. To control for ChIP efficiency in different experiments, we normalized the Rpb1p signal at the NEL025¢c
locus to ACT1 occupancy. As the Nab3 signal might depend to some extent on the level of transcription, the Nab3 signal was normal-
ized to the Rpb1p signal.

Crosslinking and Analysis of cDNAs (CRAC)
CRAC was performed essentially as described (Bohnsack et al., 2012) with minor modifications.

HTP-tagged strains were grown in 2 L of CSM-TRP medium to ODggg of 0.6 at 30°C and UV-irradiated at 254 nm for 80 s using
the Megatron W5 UV crosslinking unit (UVO3 Ltd). Cells were harvested by centrifugation, washed in 40 mL cold PBS and resus-
pended in 2.4 ml/g of cells of TN150 buffer (50 mM Tris pH 7.8, 150 mM NaCl, 0.1% NP-40 and 5 mM beta-mercaptoethanol) sup-
plemented with Complete EDTA-free Protease Inhibitor Cocktail (Roche). The suspension was flash frozen in droplets, cells were
mechanically broken through 5 cycles of 3 minutes at 15 Hz in a Mixer Mill MM 400 (Retsch) and resulting cell powders stored at
—80°C until use.

Cell powders were thawed and the resulting lysates were treated for one hour at 18°C with DNase | (165 u/g of cells) in the presence
of 10 mM MnCl, to solubilize chromatin and then centrifuged at 4600 x g for 20 min. The supernatant was moved to a fresh tube and
further clarified by centrifugation for 20 min at 20000 x g. Cleared lysates were incubated with 100 uL M-280 tosylactivated dyna-
beads coupled with rabbit IgG (15 mg of beads per samples), nutating at 4°C for 2 hr. Beads were washed twice with 10 mL
TN1000 (same as TN150, but with 1 M NaCl) for 5 min, and twice with 10 mL TN150. His-tagged protein-RNA complexes were eluted
from IgG beads with 5 uL homemade GST-TEV protease for 2 hr at 18°C with shaking in 600 L TN150 also supplemented with 0.4 uM
poly-dT oligo, 3 mM MgCl, and 2 puL (10 u) RNase H (NEB) in order to digest poly(A) tails from RNAs at the same time, thus favoring
subsequent reads mapping. The eluate was then treated with 0.1 u RNace-IT RNase cocktail (Agilent) for 5 min at 37°C to fragment
protein-bound RNA. The RNase reaction was quenched with the addition to 400 mg guanidine hydrochloride. The solution was
adjusted for nickel affinity purification to 0.3 M NaCl and 15 mM imidazole, added to 100 uL washed Ni-NTA agarose nickel beads
slurry (QIAGEN), and transferred to Snap Cap spin columns (Pierce).

Following an overnight incubation at 4°C, nickel beads were washed three times with WBI-1M (6.0 M guanidine hydrochloride,
50 mM Tris-HCI pH 7.8, 1 M NaCl, 0.1% NP-40, 10 mM imidazole, and 5 mM beta-mercaptoethanol), and then three times
with 1x PNK buffer (50 mM Tris-HCI pH 7.8, 10 mM MgCl,, 0.5% NP-40, and 5 mM beta-mercaptoethanol). Subsequent reactions
were performed on the columns in a total volume of 80 pl, ending each time by one wash with WBI-1M and three washes with 1x PNK
buffer, in the following order:

1. Phosphatase treatment (1x PNK buffer, 50 u CIP (NEB), 80 u RNaseOUT (Invitrogen); 37°C for 30 min).

2. 3 linker ligation (1x PNK buffer, 800 u T4 RNA ligase 2 truncated KQ (NEB), 80 u RNaseOUT, 1 uM preadenylated 3’ linkers,
modified for sequencing from the 3’ end (IDT); 25°C for 5 hr).

3. 5 end phosphorylation (1x PNK buffer, 20 u T4 PNK (NEB), 80 u RNaseOUT, 1.25 mM ATP; 37°C for 45 min).

4. 5'linker ligation (1x PNK buffer, 40 u T4 RNA ligase | (NEB), 80 u RNaseOUT, 1.25 uM 5' linker (L5 miRCat; IDT), 1 mM ATP; 16°C
overnight).

The beads were washed three times with WBII (50 mM Tris-HCI pH 7.8, 50 mM NaCl, 0.1% NP-40, 10 mM imidazole, and
5 mM beta-mercaptoethanol). Protein-RNA complexes were eluted for 2 x 10 min in 200 pL elution buffer (same as WBII
but with 150 mM imidazole). Eluates were concentrated with Vivacon 500 filtration cartridges (30 kDa MWCO; Sartorius) to a
final volume of 120 pL. The protein fractionation step was performed with a Gel Elution Liquid Fraction Entrapment Electropho-
resis (Gelfree 8100) system (Expedeon). Nab3-containing fractions were treated with 100 ug of proteinase K (Roche) in buffer
containing 0.5% SDS for 2 hr at 55°C with shaking. RNA was isolated with phenol:chloroform extraction followed by ethanol
precipitation.

RNA was reverse transcribed using Superscript IV (Invitrogen) and the RT L3-2 oligo (IDT) for 1 hr at 50°C in a 20 pL reaction. Sam-
ples were heat inactivated (80°C, 10 min) and then treated with 1 uL (5 u) RNase H (37°C, 30 min).

The absolute concentration of cDNAs in the reaction was estimated by quantitative PCR using a standard of known concentration.
Then, cDNA was amplified by PCR in separate 25 pl reactions each containing 2 pL of cDNA for typically 7-9 cycles using 0.5 pL (2.5
u) LA Taq (Takara) with P5-3' and miRCat-PCR-2 oligos (IDT) at an annealing temperature of 58°C. The PCR reactions were pooled
and treated for 1 hour at 37°C with 250 u /ml of Exonuclease | (NEB). Libraries were purified using NucleoSpin Gel and PCR Clean-up
(Macherey-Nagel), quantified with a Qubit Fluorometer and Qubit dsDNA HS Assay Kit (Invitrogen), and sequenced using lllumina
technology.

QUANTIFICATION AND STATISTICAL ANALYSIS
Sequencing dataset processing

CRAC datasets were analyzed as described (Candelli et al., 2018). The pyCRAC script pyFastgDuplicateRemover was used to
collapse PCR duplicates using a 6 nucleotides random tag included in the 3’ adaptor (Table S4). The resulting sequences were
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reverse complemented with Fastx reverse complement (part of the fastx toolkit, http://hannonlab.cshl.edu/fastx_toolkit/) and map-
ped to the R64 genome (Cherry et al., 2012) with bowtie2 (-N 1) (Langmead and Salzberg, 2012).

RNaseq samples were demultiplexed by the sequencing platform with bcl2fastg2 v2.15.0 and lllumina trueseq adaptors were
trimmed was performed with cutadapt 1.9.1 (Martin, 2011). Sequencing reads were subsequently quality trimmed with trimmomatic
(Bolger et al., 2014) and mapped to the R64 genome with bowtie2 (default options).

Metagene and statistical analysis

Data obtained from CRAC and RNA-seq were analyzed using deeptools 2.0 (Ramirez et al., 2016) on the Roscoff (https://galaxy.
sb-roscoff.fr/root/login?redirect=%2F) and Freiburg (https://usegalaxy.eu/) Galaxy platforms to generate metagene plots and heat-
map analyses.

Binding of Nab3, Nrd1, and RNAPII was assessed on a list of 329 manually curated CUTs, based on recent datasets defining the
TSS, the termination region and the RNAPII occupancy (Challal et al., 2018; Malabat et al., 2015; Roy et al., 2016), as well as the NNS
dependency (Candelli et al., 2018; Roy et al., 2016). Similarly, transcription termination endpoints were defined by comparison of
signals from wt and rrp6 4 cells, and further manually adjusted by integrating data from CRAC analysis of RNAPII occupancy in either
wt or cells carrying mutations of NNS components.

For analysis of mMRNAs, start (TSS) and end (polyA site) points were established by applying the peakCcall pipeline to TSS-seq
(Challal et al., 2018) and 3'T-fill (Wilkening et al., 2013) data, respectively. We also determined a list of the 1606 most transcribed
features, using RNAPII CRAC datasets as a proxy for transcription levels. This subset was generated by selecting the intersection
of the 2000 most transcribed mRNAs in three different replicates of wt strains in the same conditions at 30°C. Finally, a list of 787
mRNAs for which we did not detect a significant change in the RNAPII binding was generated by computing the log,(rrp6 4/wt) of
RNAPII CRAC signals within the first 100nt downstream the TSS, and selecting the subset for which this ratio is comprised between
—0.1 and +0.1.

The statistical significance of Nab3 binding changes for either CUTs or mRNAs between wt and rrp64 cells has been calculated by
testing whether the log, ratio rrp6.4/wt within the first 200nt downstream the TSS differs from the control null distribution of values
observed within replicates of wt datasets. FDR g-values have been calculated from p values according to the Benjamini and Hoch-
berg procedure (Benjamini and Hochberg, 1995). A similar procedure was used to assess the statistical significance of Nab3 binding
decrease on the 787 mRNAs with unchanged RNAPII binding and p values were computed using both a parametric Welch Two Sam-
ple t test and a non-parametric Two-sample Kolmogorov-Smirnov test.
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Figure S1 - related to Figure 2

A

RRP6 + A

+ A

P— p—

RNA-seq
— Nab3

CRAC

=— Nrd1 Nrd1
CRAC

Nab3

CRAC
RNAPII

RRP6 rpm rpm
. .y
_._.-—_A-& _8 Mg
+
- L ol o . —
A
o
S g
+
_‘__ A e ____..L_
A
=) =)
[=] [=]
s ]
+
_ g e A Ak
A A_L __A_.‘
3 8
¥ __A_
-

CuUT780

o
CUT568

snR32

rpm

460

1650

3560

480




Supplementary Figure S1 — related to Figure 2

(A) Western blot analysis of Nrd1 and Nab3 expression in wt or r7p6A cells. (B) Read coverage determined by
CRAC illustrating the binding of Nrd1, Nab3 and RNAPII to representative CUTs and snoRNAs in the presence or
absence of the exosome component Rrp6, as indicated. The RNA-seq signals for the same features are shown in the

two top tracks. Total hit densities per million mapped reads.



Figure S2 - related to Figure 2
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Supplementary Figure S2 — related to Figure 2

(A) Metagene analysis of average Nrd1 binding on CUTs in the presence or absence of Rrp6. Features were aligned
by the TSS. (B) Heatmaps illustrating the fold change (logz r7p6A/wt) distribution of Nrd1 (left) and RNAPII CRAC
signals (right) on CUTs in r7p64 relative to wild type cells. Features are aligned on the TSS and sorted by decreasing
Nrd1 average signal change (determined in first 500 nucleotides downstream of the TSS). (C) Metagene analysis of
average Nab3 binding on snoRNAs in the presence or absence of Rrp6. Features were aligned by the TSS. (D)
Metagene analysis of average RNAPII binding on snoRNAs in the presence or absence of Rrp6. Features were
aligned by the TSS (top) or the TTS (bottom).



Figure S3 - related to Figure 2
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Supplementary Figure S3 — related to Figure 2

(A) Analysis of the cumulative distribution of CUTs readthrough indices (RI, log> rrp6A/wt) in rrp6A relative to wt
cells for an independent replicate dataset (cf. Figure 2E). (B) Analysis of the cumulative distribution of readthrough
indices (RI) for mRNAs (log2 rrp6A/wt). For analyses in (A) and (B), RlIs are calculated as the ratio between the
signals in the first 100 nt of the termination region and the first 100 nt after the transcription start site (as depicted by
the scheme). (C) Quantification by RT-qPCR analysis of the snR13 readthrough RNA levels in rp6A, and rrp6-
D2384 cells. The graph shows the fold enrichment relative to the wt strains. All signals normalized to ACT] levels.
Average of three experiments; error bars represent standard deviation. Scheme on top depicts the position of the
amplicon used for measurement (RT) and the position of the TTS (arrow).



Figure S4 - related to Figure 3
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Supplementary Figure S4 — related to Figure 3

(A) Scatter plot depicting Nab3 binding levels on most transcribed mRNAs (blue) and CUTs (red) in wild type or
rrp64 cells. CRAC signals were normalized over features length and expressed as logz values. (B) Analysis of the
cumulative distribution of Nab3 binding (log transformed) in the presence or absence of Rrp6 on the 787 mRNAs
for which no significant change in the RNAPII CRAC signal was detected between r7p64 and wild type cells. (C)
Left: Read coverage determined by CRAC illustrating the binding of Nrd1, Nab3 and RNAPII to NEL025¢c CUT in
the presence or absence of the exosome component Rrp6, as indicated. The RNA-seq signals for the same features
are shown in the two top tracks. Total hit densities per million mapped reads. Right: ChIP analysis of Nab3
occupancy at the NEL025c locus normalized to RNAPII. The graph shows the fold enrichment relative to the
untagged strain. Average of three experiments; error bars represent standard deviation.
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Supplementary Figure S5 — related to Figure 5

(A) Analysis of the cumulative distribution of the RNA-seq signal (log» transformed) in the first 100 nt of CUTs
termination regions in dbriA cells transformed with either the control (pTet-i = intron), or the decoy construct (pTet-
i-CUT = intron+CUT). (B) RNA-seq read coverage for representative examples illustrating the distinct profiles
observed in rp64 cells (stabilization of the primary transcript) compared to expression of the decoy (predominance
of readthrough species). Strains and constructs are indicated on the left. Total hit densities per million mapped reads
are indicated on the right.



Figure S6 - related to Figure 5
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Supplementary Figure S6 — related to Figure 5

(A) Read coverage determined by RNA-seq illustrating how expression of the decoy construct induces accumulation
of non-attenuated NRD/ transcripts derived from decreased efficiency of early termination. RNA-seq tracks in wt
and rrp6A cells are also shown for comparison. The binding of Nrd1 and Nab3 together with RNAPII occupancy
determined by CRAC are shown in the bottom tracks in wt and 77p6A cells, Total hit densities per million mapped
reads are indicated on the right. (B) RNA-seq read coverage for representative examples of genes in which a
decrease in genic signal is associated to the overlap of potentially repressing non-coding antisense transcription
derived from a read-through at NNS- dependent downstream genes.
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Supplementary Figure S7 — related to Figure 2 and Figure 3
Correlation plots of the genomic data presented in this study. Dots represent 1kb bins, plots were generated with the
multiBigwigSummary and plotCorrelation Galaxy tools. For each comparison, the Pearson correlation coefficient is

indicated.



Table S4: Oligonucleotides

Oligonucleotides

Name Use Sequence (5-3")

L3-6N-GA | 3-adapter for CRAC /5rApp/GCTicNNNNNNAGATCGGAAGAGCGTCGTGT
AGGGAAAGAGTGT/3ddC/

L3-6N-GU | 3’-adapter for CRAC /5rApp/GCTacNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L3-6N-AC | 3-adapter for CRAC /5rApp/GCTgtNNNNNNAGATCGGAAGAGCGTCGTGT
AGGGAAAGAGTGT/3ddC/

L3-6N-UC 3’-adapter for CRAC /5rApp/GCTgaNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L3-6N-GAG | 3’-adapter for CRAC /5rApp/GCTctcNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L3-6N-ACU | 3-adapter for CRAC /5rApp/GCTagtNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L3-6N-UGC | 3'-adapter for CRAC /5rApp/GCTgcaNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L3-6N-CUA | 3-adapter for CRAC /5rApp/GCTtagNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L3-6N-CGU | 3’-adapter for CRAC /5rApp/GCTacgNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L3-6N-GAC | 3’-adapter for CRAC /5rApp/GCTgacNNNNNNAGATCGGAAGAGCGTCGTG
TAGGGAAAGAGTGT/3ddC/

L5miRCat 5’-adapter for CRAC /5InvddT/CTTGrGrCrArCrCrCrGrArGrArArUrUrCrCrA

RT L3-2 RT primer for CRAC ACACTCTTTCCCTACACGACGCTCTTCCG

P5_3prime | PCR primer for CRAC AATGATACGGCGACCACCGAGATCTACACTCTTTC
CCTACACGACGCTCTTCCGATCT

miRCat_PC | PCR primer for CRAC CAAGCAGAAGACGGCATACGAGATCCTTGGCACCC

R2 GAGAAT

DL377 ACT1 gPCR amplicon ATGTTCCCAGGTATTGCCGA

DL378 ACT1 qPCR amplicon ACACTTGTGGTGAACGATAG

DL474 NEL025¢c qPCR amplicon GCAAAGATCTGTATGAAAGG

DL475 NEL025¢ qPCR amplicon CGCAGAGTTCTTACCAAACG

DL481 NEL025¢c_RT qPCR amplicon TAAATGGCCAACCGCTGTTG

DL482 NEL025¢c_RT qPCR amplicon CCAGCGTACTGCACGCCAGG

DL1119 snR13_RT qPCR amplicon AAGTGACGAAGTTCATGCTA

DL1120 snR13_RT qPCR amplicon TCCGTGTCTCTTGTCCTGCA
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