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SUMMARY

Genomes are promiscuously transcribed, necessi-
tating mechanisms that facilitate the sorting of RNA
for function or destruction. The polyA (pA) tail is
one such distinguishing feature, which in theSaccha-
romyces cerevisiae nucleus is bound by the Nab2p
protein, yielding transcript protection. As Nab2p
also contacts the main nuclear export factor
Mex67p, we asked whether transport kinetics con-
tributes to RNA sorting. Indeed, 30 end sequencing
of newly transcribed pA+ RNAs demonstrates that
nuclear depletion of Mex67p elicits their instant and
global decay. A similar phenotype is evident upon
inactivation of other export factors and proportional
to the amount of nuclear pA+ RNA. As RNA expres-
sion is partially rescued by Nab2p overexpression,
we propose that an export block out-titrates Nab2p
onto nuclear-retained pA+ RNA, reducing the pool
of Nab2p available to protect new transcripts. More
generally, we suggest that nuclear RNA decay, nego-
tiated by Nab2p availability, aids in balancing cellular
transcript supply with demand.

INTRODUCTION

RNA polymerase II (RNAPII) transcribes a variety of RNAs

with different half-lives, reflecting their cellular utilities. In

S. cerevisiae these include mRNAs as well as several types of

non-coding RNAs, such as small nuclear/nucleolar (sn/sno)

RNAs, cryptic unstable transcripts (CUTs), stable unannotated

transcripts (SUTs), and Xrn1p-sensitive unstable transcripts

(XUTs) (Wyers et al., 2005; Xu et al., 2009; van Dijk et al.,

2011). Transcription termination at sn/snoRNA and CUT tran-

scription units (TUs) is mediated by the Nrd1p/Nab3p/Sen1p

(NNS) complex, which recruits the non-processive Trf4p/Air2p/

Mtr4p-polyadenylation (TRAMP) complex to stimulate the 30-50

exonucleolytic RNA exosome complex for complete decay of

CUTs or for the 30 end maturation of sn/snoRNAs (Porrua and

Libri, 2015; Vasiljeva and Buratowski, 2006; Wyers et al.,

2005). In contrast, transcription termination and 30 end process-

ing of most mRNAs, as well as SUTs and XUTs, depend on the

cleavage factor I (CFI)/cleavage and polyadenylation factor
Cell Re
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(CPF) complexes that processively add polyA (pA) tails to RNA

30 ends, conferring RNA stability (van Dijk et al., 2011; Porrua

and Libri 2015).

In S. cerevisiae, pA tail function is mediated by the dedicated

pA-binding proteins (PABPs) Nab2p and Pab1p, which at steady

state are nuclear and cytoplasmic, respectively. Nab2p binds to

the nascent pA tail of newly synthesized RNA (Batisse et al.,

2009; Kelly et al., 2007; Kelly and Corbett, 2009; Hector et al.,

2002) and remains bound during nuclear export to the cyto-

plasm, where it is replaced by Pab1p (Green et al., 2002; Aitch-

ison et al., 1996; Tran et al., 2007). Using the anchor-away (AA)

technique (Haruki et al., 2008) to rapidly deplete nuclear

Nab2p, we recently demonstrated that its binding to nascent

pA tails is essential to protect newly made mRNA from decay

by the nuclear exosome. In vitroNab2p can physically block exo-

some access to a polyadenylated substrate (Schmid et al.,

2015), but whether this is its main mode of action in vivo was

not explored. In particular, Nab2p partakes in mRNA nuclear

export (Green et al., 2002; Hector et al., 2002; Marfatia et al.,

2003; Grant et al., 2008; Iglesias et al., 2010), which might

contribute to the timely ‘‘escape’’ of transcripts from the degra-

dative environment of the nucleus.

mRNA nuclear export is mediated by a set of RNA-binding

proteins, which converge at the key Mex67p-Mtr2p heterodimer

(Segref et al., 1997; Santos-Rosa et al., 1998). Targeting of

Mex67p-Mtr2p to transcripts in vivo is facilitated by RNA-binding

adaptor proteins, such as the SR-like protein Npl3p, the Yra1p

subunit of the transcription-export (TREX) complex, and

Nab2p. Prior to exit through the nuclear pore complex (NPC),

Yra1p dissociates (Gilbert and Guthrie 2004; Iglesias et al.,

2010; Hautbergue et al., 2008; Kelly and Corbett, 2009), while

the remaining export factors form contacts with nucleoporins

(NUPs) of the NPC and stay bound to the mRNA during NPC

traversal (Terry andWente, 2007; Grant et al., 2008). Upon arrival

of the messenger ribonucleoprotein (mRNP) at the cytoplasmic

side, the Dbp5p helicase is activated by its interaction with the

NUP Gle1p (Hodge et al., 1999), which then leads to release of

the mRNP into the cytoplasm and relocation of shuttling proteins

such asMex67p-Mtr2p, Npl3p, andNab2p back into the nucleus

(Tran et al., 2007; Lund and Guthrie, 2005).

Interestingly, mutation or depletion of selected mRNA export

factors was shown to elicit nuclear exosome-dependent decay

of the heat shock (hs)-inducible transcripts HSP104 and SSA4

(Rougemaille et al., 2007; Libri et al., 2002; Assenholt et al.,

2008; Jimeno et al., 2002). We therefore wondered whether
ports 24, 2457–2467, August 28, 2018 ª 2018 The Author(s). 2457
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Figure 1. Rapid Nuclear Depletion of

Mex67p Results in Global Inhibition of pA+

RNA Net Production

(A) Fluorescent in situ hybridization (FISH) analysis

of pA+ RNA using a Cy3-labeled dT18 DNA/LNA

probe on fixed WT, Nab2-AA, or Mex67-AA cells

subjected to rapamycin treatment for 15 min at

30�C (top). FISH Cy3 images were adjusted to a

common display range (defined as the highest and

lowest pixel values for the three images) to allow

comparison between strain phenotypes. DAPI

staining was used to visualize chromatin-rich

regions of cell nuclei (bottom).

(B) Schematic workflow of the pA+ RNA 30 end

sequencing experiment. Mex67-AA and Nab2-AA

cultures were treated with 4tU for 10 min (‘‘Control

(0min)’’) or pre-treated with rapamycin for 5 min

before 4tU addition (‘‘Depletion (15 min)’’). Cells

that were not treated with 4tU or rapamycin were

used as reference to estimate the background of

the 4tU purification (‘‘IP background’’). All obtained

RNA samples were supplemented with S. pombe

spike-in transcripts, biotinylated, and purified on

streptavidin beads. Both total and 4tU-purified

fractions were subjected to pA+ RNA 30 end

sequencing.

(C) Log2 fold changes (FC) of pA+ RNA net production in 4tU-labeled Mex67-AA (x axis) and Nab2-AA (y axis) cells treated with rapamycin for 15 min and

comparedwith their respective controls (no rapamycin). Threemajor pA+-containing transcript classes were analyzed: mRNAs, SUTs, and XUTs. Only transcripts

purified significantly above background in the control samples are depicted. The number of genes (n), Spearman correlation coefficients (rho), and median (m)

values for both datasets are specified on each graph. See also Table S1.

See also Figure S1.
this phenotype might reflect a mechanistic aspect of the global

mRNA decline observed in Nab2p-depleted cells (Schmid

et al., 2015). Here, we show that rapid nuclear depletion of

Mex67p compromises production of pA+ RNAs by triggering

their immediate decay without affecting their transcription. This

is a general phenotype triggered by defective nuclear export of

pA+ RNA, with the degree of transcript decay following the

strength of the export block. Finally, we demonstrate increased

binding of Nab2p to pA+ RNA during an export block and that

the associated RNA decay phenotype can be partially rescued

by Nab2p overexpression. This suggests that nuclear pA+ RNA

accumulation depletes the available pool of Nab2p, leaving pA

tails of newly produced RNAs unprotected and subject to decay.

Our results therefore establish Nab2p as a limiting and essential

factor for nuclearmRNAproduction and highlight the importance

of rapid pA+ RNA export for gene expression.

RESULTS

Rapid Nuclear Depletion of Mex67p Globally Inhibits the
Net Production of New pA+ RNA
Because of its tight connection to mRNA export factors, we

asked whether the previously demonstrated requirement of

Nab2p to protect newly produced mRNA from decay (Schmid

et al., 2015) might relate to its role in nuclear export. We therefore

compared the phenotypes induced by rapid nuclear depletion of

Nab2p and Mex67p by taking advantage of the AA system in

which the AA-tagged protein of interest is nuclear depleted

following rapamycin addition. As previously described, and
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consistent with the essential nature of these proteins, nuclear

depletion of Mex67p or Nab2p resulted in cell death (Figure S1A;

Haruki et al., 2008; Schmid et al., 2015). Moreover, loss of nu-

clear Mex67p caused an instant and dramatic nuclear accumu-

lation of pA+ RNA (Figure 1A), consistent with the central role of

the protein in mRNA export (Santos-Rosa et al., 1998; Haruki

et al., 2008). In contrast, nuclear depletion of Nab2p caused

only modest pA+ RNA accumulation, despite a clear nuclear

depletion of the protein (see below), probably because of the

presence of other adaptor proteins capable of recruiting

Mex67p-Mtr2p. Despite these different pA+ RNA localization

phenotypes, the abundance of selected mRNAs was signifi-

cantly decreased in both Mex67- and Nab2-AA, but not wild-

type (WT), cells upon rapamycin treatment (Figure S1B). Some

transcripts, such as HHF1, HTA2, RRP6, RPS9A, and TLC1-pA

(red-colored series), a precursor of the telomerase component

TLC1, were decreased as soon as 10 min after rapamycin addi-

tion, whereas others, such as PGK1, PMA1, TDH3, RPL21A,

RPL36A (blue-colored series), and NAB2 (orange color) declined

at a slower rate, especially in Mex67-AA cells. In contrast, levels

of SCR1, a non-adenylated product of RNAPIII, were not down-

regulated throughout the course of the experiment. Only very few

protein-coding transcripts increased in abundance upon

Mex67p depletion. However, this is likely due to special mecha-

nistic circumstances (see below), and the overall initial resem-

blance of results from Mex67- and Nab2-AA cells encouraged

us to compare RNA production in the two strains genome-wide.

Given the specific impact of Mex67p and Nab2p depletion on

polyadenylated RNA, we chose to sequence pA+ RNA 30 ends



from cells subjected to a brief (15 min) rapamycin exposure,

minimizing any secondary effects due to protein inactivation.

However, because long-lived transcripts synthesized prior to

Mex67p or Nab2p nuclear depletion would mask effects on

newly synthesized RNA, we also metabolically labeled cells

with 4-thiouracil (4tU) 5 min after rapamycin addition to allow

the synthesis of new RNA for 10 min before its specific purifica-

tion (Figure 1B). We calculated fold changes in mRNAs, SUTs,

and XUTs levels between the 15 and 0 min depletion time points

for both strains. Two fractions were analyzed, the steady-state

transcript levels (Figure S1C, ‘‘total RNA’’) and RNA ‘‘net produc-

tion’’ within the 10 min labeling period (Figure 1C, ‘‘4tU RNA’’),

understood as the RNA amount deriving from transcription

minus any decay. Mex67-AA and Nab2-AA strains were

compared on the x and y axes, respectively. Consistent with pre-

vious data (Schmid et al., 2015) and single-transcript analysis

(Figure S1B), modest but significant declines in mRNA, SUT,

and XUT levels were observed in the total RNA fraction upon nu-

clear depletion of Mex67p or Nab2p (Figure S1C). Importantly,

this drop in expression was greatly exacerbated in the 4tU-

labeled fractions (Figure 1C).

Although theeffectsofNab2pnucleardepletiononmRNA levels

and net production were quantitatively weaker than those of the

Mex67p depletion, the response triggered was qualitatively

similar, with Spearman correlation coefficients of 0.588 between

the two total fractions (Figure S1C) and 0.666 between the 4tU-

labeled samples (Figure 1C). Changes inSUTandXUTexpression

correlated less strongly between samples but showed globally

similar downregulation. The more robust depletion effect seen

for the 4tU-labeled samples validated the quality of the 4tU RNA

purification and indicated that the observed phenotypes were

caused by an impairment of de novo pA+ RNA net production

rather than accelerated decay of pre-existing cytoplasmic tran-

scripts. These conclusions were reinforced by the observation

that downregulation ofmRNA levels were in agreement with cyto-

plasmicdecay ratesconsidering the total, but not the 4tU-labeled,

fractions (Figure S1D). This was the case for both published data

(Sun et al., 2012; Presnyak et al., 2015, Miller et al., 2011) and es-

timates derived from our own data. In other words, a decline in

levels of short-lived transcriptscould readilybeobserved in the to-

tal fraction, whereas individual transcript half-lives had no relation

to the strength of new pA+ RNA net production inhibition. We

conclude that nuclear depletion of Mex67p and Nab2p results in

a rapid and strong genome-wide inhibition of the net production

of transcripts from CFI/CPF-dependent TUs.

Decreased pA+ RNA Net Production in Mex67p- and
Nab2p-Depleted Cells Is Due to Increased Transcript
Decay
The massive downregulation of pA+ RNA net production in

Nab2p and Mex67p nuclear-depleted cells could be due to

either a global transcriptional shutdown or rapid decay of newly

made RNA. We did not observe any substantial correlation

between the degree of 4tU RNA downregulation in Nab2p or

Mex67p nuclear-depleted cells and various published transcrip-

tion estimates (Figure 2A; Mayer et al., 2010; Warfield et al.,

2017; Churchman and Weissman 2011; Milligan et al., 2016),

suggesting that the decrease in pA+ RNA net production occurs
post-transcriptionally. Nevertheless, to irrevocably address this

critical question, we evaluated transcription levels of the affected

strains, using a 2 min pulse of 4tU labeling followed by the simul-

taneous detection of mature pA+ RNA and nascent pA� 30 ends
(Figure 2B), the latter constituting a reliable transcription mea-

sure (Schmid et al. 2018 [this issue of Cell Reports]).

Sequence readsmapped across five regions of chromosomes

I, III, VI, and VII (Figures 2C and S2A) demonstrated that pA+ 30

ends from 4tU-labeled samples mainly detected the annotated

30 ends of the relevant mRNAs, whereas pA� 30 ends were scat-

tered along the analyzed TUs. Summing pA� reads mapping to

protein-coding gene bodies (from transcription start sites

[TSSs] to 200 bp upstream of transcript end sites [TESs]) thus

yielded a transcription estimate, whereas pA+ reads mapping

to gene ends (TES ± 200 bp) yielded an estimate of mature

pA+ RNA net production. A subsequent comparison of mRNA

gene body pA� 30 end read densities between rapamycin-

treated and untreated Mex67-AA and Nab2-AA cells showed

only modest differences (Figures 2C, 2D, and S2A). Consistently,

chromatin immunoprecipitation (ChIP) of the RNAPII subunit

Rbp3p on selected downregulated genes did not reveal any ma-

jor changes between control andMex67p nuclear-depleted cells

(Figure S2B, gray series). In contrast, pA+ 30 ends were robustly

downregulated in the 4tU-labeled fractions as a consequence of

nuclear depletion of either Mex67p or Nab2p (Figures 2C, 2D,

and S2A), demonstrating that mRNA net production was dimin-

ished despite virtually unaltered transcription. We therefore

conclude that nuclear depletion of Mex67p or Nab2p triggers

the rapid decay of newly produced pA+ RNA.

We then asked which nuclease might be responsible. Exami-

nation of newRNA production in aMex67-AA/rrp6D background

did not reveal any substantial rescue (Figure S2C). Simultaneous

depletion of both exosome nucleases, Rrp6p and Dis3p, re-

sulted in the predicted stabilization of its NEL025c target (Fig-

ure S2D) but did not rescue the decay of new hs RNAs under

export block conditions (Figure S2E). We then turned to deple-

tion, via the auxin-inducible degron (AID; Morawska and Ulrich,

2013), of one or both of the major yeast 50-30 nucleases, the pre-

dominantly cytoplasmic Xrn1p and the nuclear Rat1p enzymes.

This yielded strains with the predicted stabilization of 30

extended read-through fragments of two selected mRNAs (Fig-

ure S2F). However, when examining total RNA levels from

Rat1-AID/Mex67-AA or Rat1-AID/Xrn1-AID/Mex67-AA cells

(Figure S2G), only mild rescue of some RNA levels could be de-

tected.We conclude that neither of the tested nucleases is solely

responsible for the decay of newRNA. Yet another enzymemight

partake in the decay or, perhaps more likely, degradation is per-

formed redundantly by several nuclear decay factors.

Inspection of our data also revealed increased levels of pA� 30

end signals downstream the TESs of many protein-coding genes

in Mex67p nuclear-depleted cells, which was less visible in

Nab2p-depleted cells (Figure S2H). This implied the rapid induc-

tion of a transcription termination defect upon Mex67p inactiva-

tion, which was previously observed on reporter genes (Hammell

et al., 2002) and verified by RT-qPCR analysis of 30 extended
RNAs derived from the HHF1, RPL36A, and TDH3 genes (Fig-

ure S2I, green series). As 30 extended transcripts are usually

labile (Minvielle-Sebastia et al., 1991; Libri et al., 2002), we
Cell Reports 24, 2457–2467, August 28, 2018 2459
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Figure 2. Decreased pA+ RNA Net Production in Mex67p- and Nab2p-Depleted Cells Is Due to Increased Transcript Decay

(A) Spearman correlation coefficientmatrix comparingmRNA log2 FC of 15/0min rapamycin ratios inMex67- andNab2-AA cells as in Figures 1C and S1C against

various estimates of transcription rates. Transcription estimates were derived from RNAPII NET-seq (Churchman and Weissman 2011), RNAPII-CRAC (Milligan

et al., 2016), RNAPII-ChIP-seq (Warfield et al., 2017), and RNAPII-ChIP-tiling (Mayer et al., 2010) data.

(B) Schematic workflow of the pA+/pA� RNA 30 end sequencing experiment. Cells were treated with 4tU for 2 min. In case of the Mex67-AA- and Nab2-AA-

depleted cells, cultures were pre-treated with rapamycin for 13 min before 4tU labeling. Addition of S. pombe spike-in RNAs, biotinylation, and purification of

4tU-labeled RNA were done as described in Figure 1B. Samples were then split in two aliquots, in which one was subjected to pA+ RNA 30 end sequencing as in

Figure 1B, and the other was in vitro polyadenylated and rRNA-depleted prior to pA+ RNA 30 end sequencing.

(C) GenomeBrowser view of spike-in normalized pA� and pA+RNA 30 end reads derived from 2min 4tU-labeling experiments of untreated (00) and 15min nuclear-

depleted (150) Mex67-AA cells, spanning across the gene-coding strand of PGK1 on chromosome III. Annotations below the tracks show genomic A-rich sites

masked in the analysis and boundaries of translated and transcribed regions as previously defined in www.yeastgenome.org and Xu et al. (2009), respectively.

(D) Levels of nascent (‘‘pA� (body)’’: mean of pA� signal in the region from gene TSS to 200 bp upstream of TES) andmature (‘‘pA+ (30 end)’’: mean of pA+ signal in

the region from 200 bp up- and downstream of TES) mRNAs in 2 min 4tU-labeled samples in Mex67-AA (left) and Nab2-AA (right) cells after 0 (red violins) or 15

(blue violins) min of rapamycin treatment. All signals are shown relative to S. pombe spike-ins, with background subtracted, log2 and length scaled. Levels of

transcripts that were not purified above background were set to a pseudocount of 10�6. Violin plots shown are overlaid with box plots depicting themedian values

with boxes demarcating first and third quartiles of the data. See also Table S2.

See also Figure S2.
considered the possibility that newly made pA+ RNAs in

Mex67p-depleted cells were unstable because of this transcrip-

tion termination defect. However, not all loci showed an

increased signal downstream of their TESs, and there was only

a marginal negative correlation between the severity of the

defect and the extent to which the same mRNA was downregu-

lated (Figures S2H and S2J). This argued against a general

causative link between the phenotypes and suggested that tran-

scription termination defects only contribute to RNA decline in

selected cases. Still, a termination defect, though of a different

type, may explain the aforementioned stabilization of a small

set of RNAs. The upregulation of one such target in Mex67p-
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depleted cells, the NRD1 mRNA (Figure S2I, red bar), was for

example likely due to a transcription termination defect at the

NNS-responsive region positioned in the 50 end of the NRD1

gene (Porrua and Libri, 2015). Consistent with this notion,

RNAPII ChIP levels increased specifically downstream of the

NRD1 gene NNS site upon Mex67p nuclear depletion (Fig-

ure S2B, compare NRD1 50 end with 30 end). We also observed

stabilization of several CUTs (Figure S2I, orange series). This

was seemingly not caused by decreased Rrp6p levels, which

remained unaffected up to 60 min of Mex67p or Nab2p nuclear

depletion (Figure S2K). Instead, analysis of pA� reads revealed

increased density downstream of many CUT loci (Figure S2L),

http://www.yeastgenome.org
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Figure 3. Decreased mRNA Net Production

Correlates with the Severity of the Nuclear

Export Block

(A) FISH analysis of pA+ RNA as in Figure 1A on

fixed WT, Npl3-, Yra1-, Mtr2-, Dbp5-, Mex67-, and

Nab2-AA cells subjected to rapamycin for 15min at

30�C. Images were adjusted and stained with DAPI

as in Figure 1A. WT, Mex67-AA, and Nab2-AA

cells were from the same experiment shown in

Figure 1A.

(B) Quantification of nuclear pA+ RNA signals of AA

cells from (A) incubated for 0, 15, 40, or 70 min with

rapamycin. Values are shown relative to mean

values of non-rapamycin-treated cells and cor-

rected for background. Error bars at individual time

points indicate SDs calculated from nuclear pA+

RNA levels of a minimum of 800 cells counted for

each strain. Error bars of mean values indicate SDs

on the mean accumulation of pA+ RNA over the

time course of each protein depletion.

(C) RT-qPCR analysis of selected 4tU RNAs of

cells from (A). RNA was harvested after 10 min of

4tU labeling. All values were normalized to

S. pombe spike-in, background-subtracted, and

displayed relative to respective non-rapamycin-

treated samples. Nab2-, Mex67-, Mtr2-, and

Dbp5-AA cells were treated with rapamycin for

15 min, whereas Yra1- and Npl3-AA cells were

subjected to rapamycin for 30 min to ensure

complete nuclear depletion of these proteins. The

mean value of all tested RNAs is indicated in red.

Error bars indicate SDs from three to nine bio-

logical replicates. Error bars on mean values

indicate SD from means of all tested transcripts.

qPCR results were analyzed using a two-tailed

paired t test for the comparisons indicated in the

figure (see STAR Methods details for p value

thresholds). Mean RNA production rate for Mex67-AA was calculated from nine replicate samples, six of which are depicted in Figure 4D.

(D) Relationship between levels of nuclear accumulation of pA+ RNA (x axis) and the mean of HSP104 and SSA4 RNA expression (y axis) in the indicated mutants

strains relative to the WT control. Single repeats for each strain are shown separately. The mean of replicates from the individual strains is indicated and labeled

and a power function has been fitted to the dataset.

See also Figure S3.
consistent with read-through transcription as observed at the

NRD1 locus. This suggests that NNS-mediated transcription

termination is, to some extent, also perturbed upon Mex67p

nuclear depletion (see Discussion).

Decreased mRNA Net Production Correlates with the
Severity of the Nuclear Export Block
Previous studies using mutated variants of diverse mRNA export

factors found hs RNA expression to be impaired during an export

block (Rougemaille et al., 2007; Libri et al., 2002; Assenholt et al.,

2008; Jimeno et al., 2002). As this phenotype is reminiscent of

what we observed upon Nab2p and Mex67p nuclear depletion,

decay of newly made pA+ RNA might be a general phenotype

linked to export factor inactivation. To test this prediction, we

tagged the Mex67p cofactor Mtr2p, the export adaptors Yra1p

and Npl3p, and the NPC-associated RNA helicase Dbp5p with

the AA epitope and analyzed the phenotypic consequences of

nuclear depletion of these proteins.

Rapamycin addition to Mtr2-AA, Yra1-AA, and Dbp5-AA cells

resulted in their lethality, whereas Npl3-AA cells were severely
growth impaired (Figure S3A), as expected (Bossie et al.,1992;

Portman et al., 1997; Hodge et al., 1999; Santos-Rosa et al.,

1998). We next compared the pA+ RNA localization profiles of

the AA strains after 15, 40, and 70 min of rapamycin treatment

(Figures 3A and 3B). Depletion of Mtr2p and Dbp5p yielded a

‘‘Mex67-AA-like’’ effect with severe nuclear pA+ RNA accumula-

tion (6- to 9-fold) 15 min post-rapamycin addition. In contrast,

loss of nuclear Yra1p resulted inmoremodest pA+ RNA accumu-

lation and depletion of Npl3p did not yield a detectable

phenotype, despite severely diminished nuclear Npl3p levels

(Figure S3B). Interestingly, all mutant-specific pA+ RNA localiza-

tion profiles were essentially established already after 15 min of

rapamycin treatment, reaching a plateau thereafter (Figure 3B).

Thus, a mutant-specific steady-state concentration of nuclear

pA+ RNAs is established rapidly, likely reflecting the extent of

the export defect. In order to evaluate a possible connection to

mRNA synthesis, we employed 4tU labeling to measure the net

production of selected mRNAs and found it to be decreased

to largely equal extents in Nab2-, Mex67-, Mtr2-, and Dbp5-AA

cells after 15 min depletion (Figure 3C). Despite a longer
Cell Reports 24, 2457–2467, August 28, 2018 2461



(30 min) nuclear depletion, loss of Yra1p yielded a more modest

phenotype, whereas Npl3p depletion only very mildly impaired

mRNA net production. We conclude that depletion of all tested

export factors resulted in decreased mRNA net production,

which, with an apparent exception of Nab2p-depleted cells, ap-

peared related to the degree of the nuclear pA+ RNA export

phenotype.

In an attempt to strengthen this relationship, we compared the

nuclear pA+ RNA accumulation and new mRNA net production

profiles in a panel of mutants affecting NPC function. AWT strain

and the mex67-5i mutant (Jimeno et al., 2002) were taken as

reference points and compared with NPC mutants nup116D,

nup133D, nup60D, rat7-1, and gle1-37 (Strahm et al., 1999; Ji-

meno et al., 2002; Lund and Guthrie, 2005; Terry and Wente,

2007; Doye et al., 1994; Gorsch et al., 1995), of which the latter

two are directly implicated in Dbp5p function (Hodge et al.,

1999). Moreover, we included the nuclear basket deletion mu-

tants mlp1D and mlp2D (Strambio-de-Castillia et al., 1999) in

the analysis. Because most of these aberrations are permissive

at normal growth temperature (25�C–30�C), we assayed nuclear

pA+ RNA accumulation after incubation at 38�C for 12 min and

compared this with the expression of the HSP104 and SSA4

hs-inducible RNAs. This revealed a tight correlation between

the analyzed nuclear RNA accumulation and mRNA net produc-

tion phenotypes (Figures 3D and S3C). Strains with modest 1.2-

to 1.4-fold increases of nuclear pA+ RNA (mlp1D, mlp2D, and

nup60D), compared with WT, showed only a mild (�30%) drop

in hs RNA expression, whereas cells showing more than 2-fold

increases in nuclear pA+ RNA (nup116D, nup133D, rat7-1, and

gle1-37) exhibited RNA expression decreases of �80%, similar

to mex67-5 cells (Figure 3D). We conclude that the severe

downregulation of new RNA net production correlates well,

albeit in a non-linear manner, with the degree of nuclear pA+

RNA accumulation.

Nab2p Is Sequestered on Nuclear-Retained RNA in
Export-Deficient Cells, and Excess Nab2p Can Alleviate
mRNA Downregulation
Given the strikingly similar mRNA net production phenotypes of

cells debilitated in nuclear export and depleted of nuclear

Nab2p, which causes only a mild export defect, we wondered

whether Nab2p activity might be compromised in export-defi-

cient conditions. Immunofluorescence (IF) and ChIP analysis

of Nab2p demonstrated that its predominantly nuclear localiza-

tion was not altered, and the amount of chromatin-bound

Nab2p was not decreased upon Mex67p nuclear depletion

(Figures S4A and S4B). Nevertheless, we wondered whether

Nab2p might be sequestered on pA+ RNAs accumulating in

the nucleus during an export block and hence be unavailable

to yield protection to newly made transcripts. To test this

idea, we purified RNAs associated with Nab2p from ± rapamy-

cin-treated Mex67-AA cells, which had been UV cross-linked

with 0, 300, or 700 J/cm2. Purified Nab2p and its associated

P32-labeled RNA were then resolved by SDS-PAGE (Figure 4A)

and both total co-purified RNA (Figure 4A, lanes 1–7) and the

RNaseA/T1-resistant pool directly linked to Nab2p (Figure 4A,

lanes 8–14) were quantified (Figures 4B and 4C, respectively).

Nab2p purified from rapamycin-treated and export-blocked
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cells associated with significantly more RNA than the Nab2p

isolated from the control condition. Moreover, Nab2p cross-

linking attained the maximum efficiency at lower energies dur-

ing the export block, reflecting the increased amount of binding

sites due to nuclear pA+ RNA accumulation. These results

therefore suggest that Nab2p is indeed sequestered by RNAs

accumulating in nuclei. Following this conclusion, it is likely

that Mex67p and Nab2p act cooperatively to prevent nuclear

decay of pA+ RNA. To test this assumption further, we attemp-

ted to co-deplete Mex67p and Nab2p from the nucleus by

simultaneously AA-tagging these factors. This resulted in

some redistribution of Nab2p from the nucleus (Figure S4C),

which was incomplete, presumably because both regular

Nab2p export and ribosome export, required for the AA sys-

tem, depend on nuclear Mex67p (Iglesias et al., 2010; Yao

et al., 2007). The pA+ RNA accumulation phenotype upon

Mex67p/Nab2p double depletion was comparable with that of

Mex67p-depleted cells (Figure S4D), and a parallel 4tU-labeling

experiment demonstrated that the double depletion did not

impair mRNA net production more than nuclear depletion of

Mex67p alone (Figure 4D, compare RNA series 2 and 3).

Together this indicates that Mex67p and Nab2p act in the

same pathway.

Previous in vitro experiments demonstrated that Nab2p can

protect pA+ RNA from decay independent of cofactors (Schmid

et al., 2015). Hence, lack of Mex67p, or other ways of compro-

mising pA+ RNA nuclear export, likely impairs the function of

endogenous Nab2p indirectly, in line with the idea that Nab2p

is sequestered on accumulating pA+ RNA. If this is the case,

providing excess Nab2p should alleviate mRNA decay in

Mex67-AA cells, and we therefore examined the effect of

Nab2p overexpression in vivo. Introducing the entireNAB2 locus

on a high-copy 2m plasmid translated only into a roughly 2- to

3-fold increase of Nab2p levels (Figure 4E), probably reflecting

auto-regulatory mechanisms counteracting its overexpression

(Roth et al., 2009). Even so, 4tU-labeling analysis demonstrated

that net production of selected mRNAs was on average 2-fold

more efficient upon such Nab2p overexpression (Figure 4D,

compare RNA series 3 and 4). To increase Nab2p overexpres-

sion even further, we placed the NAB2 ORF behind a galac-

tose-inducible promoter, which attained its full capacity within

6 hr of galactose induction (Figure 4F). Prolonged Nab2p overex-

pression revealed to be toxic to cell growth (Figure S4E), and we

therefore induced Nab2p expression for 2.5, 5, 6, and 8 hr before

monitoring its effect on new RNA production, which again re-

vealed a partial rescue (Figure 4D, compare series 5 with 6, 7,

8, and 9). Even though the rescue was still not complete, we

note that it was on average more robust than when expressing

Nab2p from the 2m plasmid (Figure S4F). These results collec-

tively support the notion that nuclear Nab2p levels are limiting

in Mex67p-depleted cells and thus insufficient to support normal

mRNA net production.

DISCUSSION

The compromised net production of new pA+ RNA, resulting

from export inhibition, occurs without a significant decrease in

cellular transcription levels, demonstrating an extensive decay
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Figure 4. Nab2p Is Sequestered on Nuclear-

Retained RNA in Export-Deficient Cells

and Excess Nab2p Can Alleviate mRNA

Downregulation

(A) SDS-PAGE of eluted samples from an RNA

immunoprecipitation (IP) experiment in which

endogenous Nab2p was immunoprecipitated from

Mex67-AA cells without (‘‘rapamycin –’’) or treated

with rapamycin for 30 min (‘‘rapamycin +’’). Before

RNA IP, cells were not subjected to crosslinking

(‘‘0 J/cm2’’), moderately cross-linked (‘‘300

J/cm2,’’ �2 min cross-linking time), or strongly

cross-linked (‘‘700 J/cm2,’’ �5 min cross-linking

time). Mock samples were negative control IPs

using beads without anti-Nab2p antibody. Shown

are IP eluates without (lanes 1–7) or with (lanes

8–14) prior RNaseA/T1 treatment. Top: western

blotting analysis of Nab2p levels; bottom: autora-

diogram of P32-labeled SDS-PAGE gel (represen-

tative example of three independent repeats).

(B) Quantification of the P32-labeled RNA signal

from lanes 1–7 in (A). Background was estimated

and subtracted on the basis of the mock sample.

Single points represent values obtained from three

individual repeats. Error bars represent SDs.

(C) Quantification of P32-labeled RNA signal within

the Nab2p contained band of lanes 8–14 from (A).

Values were normalized as in Figure 4B. Error bars

represent SDs from three independent repeats,

and statistical significance was tested using a two-

tailed paired t test.

(D) RT-qPCR analysis of selected 10 min 4tU-

labeled RNAs purified from cells treated for 15 min

with rapamycin as in Figure 3C. RNA series 2–4

show new RNA production from control Mex67-AA

cells grown in glucose (series 3), which have been

simultaneously depleted for Nab2p (Mex67-AA/

Nab2-AA) (series 2) or containing a Nab2p ex-

pressing plasmid (Mex67-AA p2m_NAB2) (series 4).

Values derive from a minimum of four biological

replicates, and error bars indicate SDs. Values for

RNA series 3 were also included in the mean shown in Figure 3C. RNA series 5–9 show new RNAs from Mex67-AA cells containing an empty (series 5) or a

pPgal_Nab2 (series 6–9) plasmid and incubated for 2.5, 5, 6, or 8 hr in galactose. Values are a mean of two biological replicates for the pPgal_Nab2 containing

samples and an average of single replicates of all galactose incubation times for the empty plasmid sample. Error bars indicate median absolute deviation.

(E) Western blotting analysis of Nab2p levels in non-rapamycin-treated Mex67-AA cells transformed with either an empty 2m pRS426 plasmid (�) or its

counterpart (pNAB2) expressing wild-type Nab2p (+). Rpb3p served as a loading control.

(F) Western blotting analysis showing Nab2p and Rpb3p levels in cells containing a NAB2 gene under control of a galactose-inducible promoter (pPgal_Nab2) in

glucose (GLU) condition and at the indicated times after galactose (GAL) addition. The image was edited to show only one of the repeats performed in parallel.

See also Figure S4.
of new RNAs in these conditions. The phenotype is robust

regardless of the cause of the imposed nuclear export block

and does not depend on initial transcription levels of the affected

loci. Together, this suggests a post-transcriptional mechanism

preventing excessive accumulation of nuclear pA+ RNA and

that timely mRNA export is important, not only for protein pro-

duction but also to prevent nuclear decay.

The decline in new pA+ RNA net production is tightly related

to the amount of nuclear-retained pA+ RNA. Hence, even slight

increases in nuclear pA+ RNA lead to significantly decreased

new RNA production. This implies a critical need for cells to

keep their nuclear pA+ RNA concentrations low, which is

perhaps instigated because Nab2p levels are limiting and

constantly must be recycled from the cytoplasm. Our data
support this possibility, as they show a strong correlation be-

tween the decay phenotypes elicited by nuclear depletion of

Mex67p and Nab2p, despite the weak contribution of Nab2p

to pA+ RNA export. Considering that Nab2p binding to nascent

pA tails protects the transcripts from degradation (Schmid

et al., 2015), we propose that nuclear accumulation of pA+

RNP leads to the out-titration of Nab2p, preventing the protein

from protecting newly made RNA and thus eliciting their degra-

dation similarly to conditions of Nab2p nuclear depletion (Fig-

ure 5, bottom left). This model is strongly supported by the

fact that Nab2p isolated from export-blocked cells binds

more RNA than in the WT situation and that effects of depletion

of both Mex67p and Nab2p are not additive. Nab2p overex-

pression can rescue the RNA decay phenotype, indicating
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Figure 5. Nuclear RNA Export Block Se-

questers Nab2p on Retained RNAs and

Elicits the Decay of Newly Made Transcripts

Model for the decay of newly synthesized pA+ RNA

in export compromised cells. In normal conditions

(‘‘WT’’), Nab2p protects newly made transcripts

and stimulates Mex67p-mediated nuclear export

(top). When pA+ RNA export is compromised

(‘‘EXPORT BLOCK’’), Nab2p is inactivated, likely

by getting sequestered on retained pA+ RNA

(bottom left). Hence, Nab2p is unavailable to pro-

tect newlymade transcripts, leading to their decay,

similarly to conditions of Nab2p nuclear depletion

(bottom right).
that, in accordance with previous in vitro results (Schmid et al.,

2015), the protein performs an RNA protective function. This

rescue is not strictly proportional to Nab2p levels, perhaps

because of detrimental effects of its overexpression or due to

an impact of other mRNP protective proteins, which might

also become limiting during an export block.

Some CUTs, the NRD1 mRNA and numerous 30 extended

mRNAs, are upregulated in Mex67p but less strongly in Nab2p

nuclear-depleted cells, which indicates impaired NNS and CFI/

CPF functions in the absence of Mex67p. Because levels of 30

extended mRNAs do not correlate with the extent of the decline

of their corresponding mRNAs, they cannot be causative for the

phenotype. Rather, we suggest that CFI/CPF and NNS com-

plexes are also, at least partially, sequestered on nuclear-re-

tained pA+ RNA and therefore cannot efficiently perform their

co-transcriptional functions. More generally, such sequestration

of nuclear RNP proteins may be widespread during a nuclear

export block, further highlighting the necessity of rapid nuclear

RNA clearance, either by export of functional molecules or by

decay.

What then is the mechanism of removal of newly produced

pA+ RNA in export-deficient cells? It was previously shown

that deletion of the nuclear exosome component RRP6 partially

restores mRNA levels and rescues the lethality of Nab2p-defi-

cient cells (Schmid et al., 2015). However, we were unable to

rescue new mRNA production in Mex67p nuclear-depleted

cells by impairing nuclear exosome function or depleting the

50-30 exonucleases Rat1p or Xrn1p. Even though it is possible

that another undisclosed nuclear nuclease is solely respon-

sible, we find it more likely that nuclear decay systems

act redundantly to remove these transcripts. This would
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also explain why nuclear depletion of

Mex67p leads to a stronger phenotype

than nuclear loss of Nab2p. In Nab2p-

depleted cells, where pA+ RNA export

is only mildly affected, newly made tran-

scripts are only exposed to the nuclear

degradative environment for a brief time

period. In Mex67p-depleted conditions,

however, new pA+ RNAs are not only

labile, because of the limiting supply of

Nab2p, but also trapped in the nucleus.

Together with the pronounced nuclear
pA+ RNA accumulation in Mex67p-depleted cells, which might

also cause shortage of other protective factors, this would

create additional decay opportunities, not relevant in the

Nab2p-depleted nuclei. Regardless of the exact mechanism

of decay, our results demonstrate that maintenance of a low

nuclear pA+ RNA concentration is key to proper pA+ RNA pro-

duction. Under normal conditions, cells prevent nuclear pA+

accumulation by rapid export, whereas RNA decay provides

a fail-safe mechanism when export is weakened. Mechanisti-

cally, these functions are tightly connected as Nab2p facilitates

both the loading of Mex67p on nascent RNA while simulta-

neously yielding physical protection from decay.

Regulation of cellular mRNA levels by transcription and cyto-

plasmic decay has been extensively studied (Castells-Roca

et al., 2011; Parker, 2012), whereas contributions from nuclear

decay have been reported only recently (Roy and Chanfreau,

2014; Bresson et al., 2017). The strict requirement for Nab2p

to confer stability to newly made pA+ RNA raises the possibility

of a broader function of this protein in ‘‘monitoring’’ cellular

mRNA levels. Nab2p participates in the regulation of its own

mRNA (Roth et al., 2009), suggesting that controlling the concen-

tration of this protein is critical. Future efforts will focus on

possible roles of Nab2p in affecting cellular pA+ RNA homeosta-

sis, which could be especially important during switches in

growth programs, such as during starvation or stress, which

require global changes of transcription rates (Castells-Roca

et al., 2011; Bresson et al., 2017). Our results positioning

Nab2p and nuclear export as a limiting factor for mRNA produc-

tion therefore invite speculation as to whether changes in the

abundance or sub-cellular localization of Nab2p might partake

in such responses.
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Experimental Models: Organisms/Strains

S. cerevisiae genome N/A UCSC: sacCer3

S. pombe genome N/A ENSEMBL: EF2

as W303, tor1-1 fpr1::loxP-LEU2-loxP RPL13-2xFKBP12::

loxP-TRP1-loxP

Haruki et al., 2008; Euroscarf AA WT (HHY212)

as W303, tor1-1 fpr1::loxP-LEU2-loxP PMA1-2xFKBP12::

loxP-TRP1-loxP Dbp5p::FRB::HIS3

This study Dbp5-AA

as W303, tor1-1 fpr1::NAT RPL13-2xFKBP12::TRP1

MEX67-FRB::kanMX6

Haruki et al., 2008; Euroscarf Mex67-AA (HHY182)

as W303, tor1-1 fpr1::NAT RPL13-2xFKBP12::TRP1

MEX67-FRB::kanMX6 NAB2::FRB::HIS3

This study Mex67-AA Nab2-AA

as W303, tor1-1 fpr1::NAT RPL13-2xFKBP12::TRP1

MEX67-FRB::kanMX6, RRP6::URA3

This study Mex67-AA rrp6D

(Continued on next page)

e1 Cell Reports 24, 2457–2467.e1–e7, August 28, 2018

http://www.mendeley.com
https://doi.org/10.17632/jxw2cmh8kp.1
https://doi.org/10.17632/jxw2cmh8kp.1


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

as W303, tor1-1 fpr1::loxP-LEU-loxP RPL13-2xFKBP12::

TRP1 Mtr2p-FRB::HIS3

This study Mtr2-AA

as W303, tor1-1 fpr1::loxP-LEU-loxP RPL13-2xFKBP12::

TRP1 Nab2p-FRB::HIS3

Schmid et al., 2015 Nab2-AA

as W303, tor1-1 fpr1::loxP-LEU-loxP Pma1::FKBP::TRP1

Npl3p::FRB::GFP::HIS3

This study Npl3-AA

as W303, tor1-1 fpr1::LEU RPL13-2xFKBP12::loxP-TRP1-

loxP, OsTIR::URA, RAT1::AID::KanMX, Mex67::FRB::KanMX

This study Rat1-AID Mex67-AA

as W303, tor1-1 fpr1::LEU RPL13-2xFKBP12::loxP-TRP1-

loxP, OsTIR::URA, RAT1::AID::KanMX, XRN1::AID::KanMX,

MEX67::FRB::KanMX

This study Rat1-AID Xrn1-AID Mex67-AA

As W303, tor1-1, fpr1::loxP-LEU2-loxP, RPL13-2xFKBP12::

loxP-TRP1-loxP, RRP6-FRB::HIS3, DIS3-FRB::KAN

This study Rrp6-AA Dis3-AA

As W303, tor1-1 fpr1::LEU, RPL13-2xFKBP12::loxP-TRP1-

loxP, DIS3::FRB::KanMX, RRP6::FRB::HIS, mex67-5i

This study Rrp6-AA Dis3-AA mex67-5i

as W303, tor1-1 fpr1::loxP-LEU-loxP RPL13-2xFKBP12::

TRP1 Yra1p-FRB::HIS3

This study Yra1-AA

leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 WT W303

as W303, MATa, gle1D::HIS3 < gle1-37, leu2, cen > Strahm et al., 1999 gle1-37

as W303, MATa, mex67-5 Jimeno et al., 2002 mex67-5i

as W303, mlp1D::URA3 Strambio-de-Castillia

et al., 1999

mlp1D

as W303, mlp2D::HIS33 Strambio-de-Castillia

et al., 1999

mlp2D

as BY, MATalpha, his3D1, leu2D0, lys2D0 ura3D0W303,

MATalpha, nup60D::KanMX6

Lund and Guthrie, 2005 nup60D

as W303, MATa, nup116-5::HIS3 Terry and Wente, 2007 nup116D

as W303, MATalpha, nup133::HIS3 Doye et al., 1994 nup133D

as W303, rat7-1, trp1D63, ura3-52, leu2D1 Gorsch et al., 1995 rat1-7 (nup159 mut)

Oligonucleotides

See Table S3 in Supplemental Information N/A N/A

Recombinant DNA

2m, ori(f1), ori(pMB1), URA3, Ampr, LacZ, MCS, T7

promoter, T3 promoter

ATCC 77107 pRS426

2m, ori(f1), ori(pMB1), URA3, Ampr, LacZ, MCS, T7

promoter, T3 promoter, NAB2 in KpnI-XhoI

PAC717 kind gift from A. Corbett pRS246-NAB2

2m, ori(f1), ori(pMB1), URA3, Ampr, LacZ, MCS, T7

promoter, T3 promoter, FUI1

Barrass et al., 2015 p4FUI(URA)

2m, ori(f1), ori(pUC), URA3, Ampr, TCYC1, MCS, PGAL1,

PGAL10, MCS, TADH1

Stratagene pESC_URA

2m, ori(f1), ori(pUC), URA3, Ampr, TCYC1, MCS, PGAL1,

PGAL10, NAB2 ORF, TADH1

This work pPgal_Nab2

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/ N/A

DAPI area selection macro for ImageJ This study N/A

BBMAP v 35.92 https://jgi.doe.gov/data-and-tools/

bbtools/

unpublished

STAR aligner v GitHub 2016-03-14 https://github.com/alexdobin/STAR Dobin et al., 2013

samtools v 1.3 http://www.htslib.org/ Li et al., 2009

HTSeq v 0.6.0 https://pypi.python.org/pypi/HTSeq Anders et al., 2015

R package DESeq2 v 1.10.1 http://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Love et al., 2014

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

deepTools2 software suite v2.2.4 http://deeptools.readthedocs.io/en/

latest/index.html

Ramı́rez et al., 2016

GitHub https://github.com/manschmi/

MexNab_3seq

N/A

Other

Aria MX Real Time PCR System Agilent Technologies Cat. no.: G8830A

Axiovert 200M microscope Cy3, DAPI, FITC filters Zeiss N/A

Covaris S2 Focused Ultrasonicator Covaris N/A

Bioanalyzer Agilent N/A

Dynabeads M280 Sheep anti-mouse IgG Invitrogen Cat. no.: 11202D

Dynabeads MyOne Streptavidin C1 Invitrogen Cat. no.: 65002

MG-SR PLUS X-ray films Konica Minolta Cat. no.: A3WM

NuPAGE 4-12% Bis-Tris Protein Gels ThermoFisher Scientific Cat. no.: NP0322BOX

NuPage 4x loading dye Thermo Fisher Cat. no. NP0007

Typhoon FLA9500 GeHealthcare Cat. no.: 28996943

UV Stratalinker 1800 Stratagene N/A

Zeba Spin Desalting Columns 7KMWCO Thermo Scientific Cat. no.: 89890

3-8% Tris acetate gel Invitrogen Cat. no.: EA03755BOX

RNAPII ChIP-tiling array Mayer et al., 2010 ArrayExpress E-TABM-1033

RNAPII ChIP-seq Warfield et al., 2017 sample GSM2551210 from

GEO:GSE97081

NETseq Churchman and Weissman, 2011 sample GSM617027 from

GEO:GSE25107

RNAPII CRAC Milligan et al., 2016 sample GSM1706520 from

GEO:GSE69676

cDTA Sun et al., 2012 ArrayExpress: E-MTAB-760

DTA Miller et al., 2011 ArrayExpress: E-MTAB-439

rpb1-1 chase Presnyak et al., 2015 GEO: GSE57385
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Torben

Heick Jensen (e-mail: thj@mbg.au.dk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains, growth conditions and plasmids
AA strains were constructed using materials described in Haruki et al. (2008) and according to standard procedures. For assessment

of RNA abundance and localization, cells were grown in YPAD media at 30�C. If HSP104 and SSA4 expression was assessed cells

were pre-grown in YPAD media at 25�C and shifted to 38�C for 10-12 min by adding an equal volume of media at 51�C. To test RNA

net production by 4tU labeling and perform Rpb3p and Nab2p ChIP analysis, cells were transformed with pESC_URA, pPgal_Nab2,

p4FUI(URA3), pRS426(URA3) or pRS426-NAB2(URA3) plasmids and grown in minimal media lacking uracil, to increase 4tU uptake.

When needed, rapamycin or auxin were added to the media to a final concentration of 1 mg/ml or 3 mM as specified in (Haruki et al.,

2008; Morawska and Ulrich, 2013). If needed cells were grown in 2% galactose media. Cells for RNA extraction were harvested by

mixing equal volumes of culture with 96% ethanol pre-cooled on dry-ice. Yeast strains and plasmids used in this study are listed in

Key Resource Table sections ‘Experimental Models’: ‘Organisms/Strains’ and ‘Recombinant DNA’, respectively.
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METHOD DETAILS

RNA extraction, reverse-transcription and qPCR
RNAs were extracted using the hot-acid phenol method. Briefly cell pellets were suspended in TES buffer (1% SDS, 5 mM EDTA,

10 mM Tris pH 7.5) and extracted twice with phenol at 65�Cwith shaking for 30 min and once in chloroform at RT for 5 min. Between

washes, samples were centrifuged for 10 min at 16 000 g at 4�C. RNAs were precipitated with ethanol in 20-30 mM LiCl and resus-

pended in deionizedwater. Depending on the experiment, 200 ng to 1.5 mg of RNAwas selected for DNase treatment using Invitrogen

TURBO DNA-free Kit (AM1907M) according to the manufacturer’s recommendation. RNAs were then reverse transcribed using a

100 mM dT18 oligonucleotide with 250 ng/ml random hexamers (Invitrogen, 48190-011) and Invitrogen SuperScript II (18064-014)

kit according to the manufacturer’s recommendation. qPCR reactions were prepared using the Invitrogen Platinum SYBR Green

qPCR Super-Mix-UDG (11733-046) kit and run on Aria MX Real Time PCR System from Agilent Technologies. Oligonucleotides

used are listed in Table S3 in Supplemental Information.

ChIP of Nab2p and Rpb3p
Chromatin from Mex67-AA cells was prepared according to standard procedures. Briefly 50 mL of cells at OD600 = 0.4-0.6 were

crosslinked with 1% final paraformaldehyde for 15 min and washed twice with 25 mL of 150 mM NaCl, 10 mM Tris-HCl pH 7.5. After

washing, cells were resuspended in 1 mL of FA buffer (50 mL HEPES pH 7.5, 150 mL NaCl, 1 mL EDTA, 1% Triton X-100, 0.1% SDS,

1%Na-deoxycholate) with cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (04693159001, Roche), supplemented with 0.5mL

of glass beads and vortexed for 20 min at 4�C. Chromatin was fragmented using a Covaris S2 Focused Ultrasonicator (program: 15x

freq. Sweeping/duration 30 s, intensity 8.0, cycles/burst 200) and centrifuged for 25 min at 16000 g. 200 mL of the supernatant was

taken for IP, which was performedwith 30 mL of blocked and pre-washed in FA + 1%BSA buffer DynabeadsM280 Sheep anti-mouse

IgG from Invitrogen (11202D) containing immobilized anti-Rpb3p antibody 1Y26 (Abcam, ab202893) or anti-Nab2p 3F2 (Hector et al.,

2002). In order to determine the background of the IP for each condition a mock IP was performed in which the sonicated chromatin

was incubated with beads not conjugated to the antibodies. After 1h30 min of incubation with the antibody-conjugated beads the

resin was washed four times with 0.5 mL of FA buffer, two times with 0.5 mL of FA buffer containing 0.5 M NaCl and one time

with TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0). Precipitated chromatin was eluted for 10 min at 65�C with 100 mL of TE

with 1% SDS. The elution and 10 mL of the input were treated with 5 mL of 20 mg/ml proteinase K for 30 min at 37�C and DNA frag-

ments were purified using QIAquick PCR purification kit (28106; QIAGEN) according to manufacturer’s instructions, resuspended

in 0.2 mL of water and used for real-time PCR. Elutions were normalized to average of input levels. To accurately define the

Nab2p/Rpb3p ratio, background was subtracted from raw values.

Nab2p RNA immunoprecipitation (RIP)
50 mL of Mex67-AA 0.45-0.60 OD cultures were incubated, or not, with rapamycin for 30 min at 30�C. Cells were centrifuged, resus-

pended in 1 mL of sterile water and spread on a 100 mm diameter Petri dish for cross-linking by a UV Stratalinker (Stratagene). Petri

dishes were placed on ice within 5 cm distance from the light source and set to receive 300 or 700 J/cm2. Cells were then washed

twice with 1 mL of sterile water and frozen on dry ice. Pellets were resuspended in 1.8 mL of lysis buffer (50 mM Tris-HCl, pH 7.4,

100 mM NaCl, 1% Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate) and mixed with 1.5 mL of glass beads. Thereafter, cells

were broken in a Precellys�24 tissue homogenizer employing five cycles of 45 s at 6500 rpmwith 5 min incubation on ice in between

cycles. Broken cell suspensions were recovered and 5 mL of Turbo DNase was added to each sample for 5 min at 37�C. After DNase
treatment cells were centrifuged for 3 min at 3000 g to remove unbroken cells and the supernatant was spun again for 5 min at

16 000 g. The supernatant was recovered, and used for IP using sheep anti-mouse IgG magnetic beads M280 (Invitrogen cat no.

11202D), which were pre-incubated in lysis buffer for 90 min with anti-Nab2p antibody 3F2 (Hector et al., 2002) and 1% BSA.

Nab2p was IP’ed at 4�C for 1 hour with constant rotation. After IP half of the bead suspension volume was resuspended in 1 mL

of RNase A/T1 digestion buffer (10 mM Tris 7.5; 300 mM NaCl, 5 mM EDTA, 2 ml of RNase A/T1 (Thermo Scientific cat. no.

EN0551)) and incubated for 7 min at room temperature. After this step both RNase (–) and (+) fractions were washed twice with

1 mL of high salt wash buffer (50 mM Tris-HCl, pH 7.4, 1 M NaCl, 1 mM EDTA, 1% Igepal CA-630, 0.1% SDS, 0.5% sodium deox-

ycholate). During the second wash, samples were incubated for 5 min with rotation. Beads were washed one more time with 1 mL of

PNK labeling buffer (20 mMTris-HCl, pH 7.4, 10mMMgCl2, 0.2% Tween-20) and 100 mL of beads in PNK buffer wasmixed with 34 ul

of NuPage loading dye (Thermo Fisher cat. no. NP0007) and this fractionwas used for western blotting analysis (‘elution’ sample). The

remaining beads were resuspended in 20 mL of enzymatic PNK suspension prepared with buffer A (Thermo Scientific, cat no.

EK0031) and supplemented with gamma-ATP. Samples were incubated for 10 min at 37�C. The reaction mix was removed and

beads were resuspended in 1x NuPage elution buffer and incubated for 5 min at 70�C. Samples were loaded on a 3%–8% Tris-ac-

etate gel (Invitrogen cat. no. EA03755BOX). After electrophoresis the gel was washed 5 times with running buffer and imaged with

phosphoimager screen on a Typhoon FLA9500 (GE Healthcare) and with MG-SR PLUS X-ray films (Konica Minolta cat. no. A3WM).

Signals in the entire lanes of RNaseA/T1 non-treated samples were quantified using ImageJ software. The values displayed on the

graph were normalized to the value of the +rapamycin and 700J/cm2 sample and corrected for background.
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Isolation of newly synthesized RNAs using 4tU labeling
Isolation of newly synthesized RNA using 4tU labeling was based on (Barrass et. al., 2015) with several modifications. 50mL of cells at

OD600 around 0.4-0.6 were grown in synthetic medium lacking uracil at 30�C. 4tU (Sigma, from a 100mM stock in DMSO) was added

to a final concentration of 100 mM for 10 min or 2 min (depending on the experiment) with subsequent cooling of cells by pouring

cultures into 50 mL of dry-ice cold ethanol. RNAs were extracted using the hot acid phenol method. All samples were prepared in

triplicates and 10 min 4tU labeled S. pombe RNA was added for normalization to all samples (1 mg of S. pombe RNA per 100 mg

of S. cerevisiae RNAs; S. pombe spike-in RNA comes from total RNA from cells grown exponentially in YPAD medium at 30�C
and labeled with 5 mM 4tU for 10 minutes). Additionally, for both Nab2-AA and Mex67-AA series one negative control from cells

that were neither labeled with 4tU nor treated with rapamycin was prepared to determine the background of the 4tU IP procedure.

250-350 mg of total RNA resuspended in 400 mL of 1 mMEDTA, 10 mMHEPES was biotinylated using 10 mL 5mg/ml MTSEA-biotin in

DMF (90064; Biotium) for 30min at 25�C. After biotinylation RNAwas desalted using Zeba Spin Desalting Columns 7KMWCO (89890;

Thermo Scientific) according to manufacturer’s instructions. After desalting RNA was precipitated with ethanol and resuspended in

water. An aliquot of RNA (‘total’ samples) was taken at this step and the remaining RNA was supplemented with salts to the final IP

buffer composition: 10 mM Tris-HCl pH 7.0, 0.2 M NaCl, 25 mM MgCl2, 0.1% SDS, 0.1 M NaPi pH 6.8. IP was performed using 30-

50 mL (depending on the experiment) of Dynabeads MyOne Streptavidin C1 from Invitrogen (65002) pre-washed in IP buffer and

blocked with 200 mL of glycogen. Following 30 min of IP reaction, the beads were washed five times with 0.4 mL of IP buffer and

one time with 0.4 mL of TEN1000 (10 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl). RNA was eluted with 0.1 mL of 0.7 M beta-mer-

captoethanol for 10 min at room temperature. Eluted RNA was precipitated with ethanol, 100 mg of glycogen and 20-30 mM final LiCl

and resuspended in water. Depending on the application, RNAwas subjected to sequencing library preparation or to RT-qPCR anal-

ysis (see relevant sections). In the latter case, IP values were normalized to S. pombe spike-in transcripts defined by amplification of

cDNA of the SpACT1mRNA and to input RNA concentrations. Background values, derived from non-4tU-labeled and non-rapamy-

cin treated samples, were then subtracted and final results depicted as ratios between rapamycin treated sample relative to appro-

priate control.

Western blotting analysis
Protein extracts were prepared by incubating 4-6 OD units of cells in 8 M urea at 80�C and subsequent disruption of cells using glass

beads. Western blotting analysis was performed according to standard procedures. Antibodies used are listed in Resource Table

under section Antibodies.

pA+ RNA FISH analysis and protein localization
IF and FISH samples were performed as previously described (Schmid et al., 2015). Briefly, cells were fixed with 4% final parafor-

maldehyde for 40 min and washed three times with 1.2 M sorbitol, 0.1 M K2HPO4. Cell walls were digested for 25 min at 30�C in

1.2 M sorbitol, 0.1 M K2HPO4, 28mMBeta-mercaptoethanol with zymolyase and spheroblasts were attached to PolyL-lysine coated

slides and washed two times with PBS. After these common steps, slides were prepared either for FISH or IF analyses (see below).

For FISH analysis, cells were washed three times with 0.1 M K2HPO4, dehydrated with 80% ethanol at �20�C for at least 30 min,

washed twice with 2xSSC for 5 min at 25�C and prehybrydized in 50% formamide, 2xSSC for 10 min 25�C. Hybridization was per-

formed in 50% formamide, 5 mMNa2HPO4, 2xSSC, 200 mg BSAwith 1 ng of dT18 LNA Cy3-labeled probe (Thomsen et al., 2005) per

sample for 16h at 37�C. After hybridization, slides were washed twice with 50% formamide, 2xSSC for 10 min at 37�C, once with

2xSSC, 0.1% Triton X-100 for 10 min at 25�C, twice with 1xSSC for 10 min at 25�C and twice with PBS for 5 min at 25�C. Slides
were dried and mounted with ProlongGold with DAPI solution (Life Technologies, P36935). For IF analysis slides were washed

once with PBS, 0.1% Triton X-100 for 5 min at 25�C, then incubated for 30 min at 25�C with PBS, 0.1% Triton X-100, 1% BSA.

Nab2p detection was performed using anti-Nab2p 3F2 antibody (Hector et al., 2002) diluted 1:3000 in PBS, 0.1% Triton X-100 for

45 min at 25�C. The secondary antibody Alexa Fluor 488-labeled goat anti-mouse IgG (A32723; Invitrogen) was diluted 1:3000 in

PBS, 0.1% Triton X-100 and applied to the slide for 45 min at 25�C. Between and after incubation with both antibodies, slides

were washed four times for 5 min at 25�C with PBS, 0.1% Triton X-100. Slides were dried and mounted with ProlongGold with

DAPI solution. Detection of Npl3p-GFP-FRB (Npl3-AA) was performed in live cells stained with DAPI.

FISH and IF microscopy pictures were acquired using an Axiovert 200M Zeiss microscope under 63x objective using DAPI, Cy3 or

FITC filters. Each FISH picture contained a fixed number of stacks (which varied between experiments but was never smaller than 8)

of 0.2 mm combined using maximum intensity projection. In order to quantify the nuclear RNA pA+ signal by FISH, cell nuclei

were selected using DAPI images and the following macro in ImageJ: [run(‘‘Subtract Background...,’’ ‘‘rolling=50 sliding’’);

setOption(‘‘BlackBackground,’’ false); run(‘‘Make Binary’’); run(‘‘Erode’’); run(‘‘Dilate’’); run(‘‘Analyze Particles...,’’ ‘‘size=80-400

add’’); roiManager(‘‘Show All with labels’’); roiManager(‘‘Show All’’);]. Average nuclear RNA pA+ signal was calculated by dividing

the Raw Integrated Density in the nuclear area and subsequently subtracting the value of the minimal pixel (giving a conservative

estimate of local background and cytoplasmic signal). Cy3 and FITC channel images were aligned to a common display range

(defined as the lowest and highest pixel value for all selected images) to enable comparison between images. Images of DAPI stain

were background subtracted in ImageJ (settings: Rolling ball radius 50.0 pixels; sliding paraboloid).
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pA+ RNA 30end sequencing and bioinformatics analysis
RNA quality of total and purified 4tU labeled RNA was tested and quantified using a Bioanalyzer (Agilent). Depending on the sample

200-350 ng of RNA was used to prepare libraries. To generate pA- data, an aliquot of the 2 min 4tU labeled RNAs was in vitro poly-

adenylated using Escherichia coli poly(A) polymerase (AM1350; ThermoFisher) according to the manufacturer’s instructions. Reac-

tions were then purified using PureLink micro RNA purification kit from Ambion (12183018A) and ribo-depleted using Ribo-Zero Gold

rRNA Removal kit for yeast (MRZY1306) from Ilumina according to the manufacturer’s instructions. All libraries were then prepared

using Lexogen QuantSeq 30 mRNA-Seq Library Prep Kit REV (016.96, Lexogen GmbH) for Illumina and sequenced at Vienna Bio-

center Core Facilities (Vienna, Austria) multiplexing 32 samples on a HiSeqV4 SR50 (single end 50nt reads) run and using the Quant-

Seq REV specific primer CSP. An overview of samples, read quality control and mapping statistics are provided in Table S1 and

Table S2.

Bioinformatics
Details concerning RNaseq data analysis can be found in (Schmid et al., 2018). All relevant code and analysis scripts are available at

GitHub (https://github.com/manschmi/MexNab_3seq).

RNA 30end sequencing quality control, filtering, mapping and normalization
Lexogen provided barcode splitting and the final data as unmapped bam files.We then applied quality filtering, read trimming and the

mapping strategy recommended for QuantSeq REV data by Lexogen and computed genomic coverage of A-addition positions, skip-

ping A-rich positions that allow for internal priming. Raw read coverage was then normalized to the signal obtained for the S. pombe

genome. In case of the 4tU-labeled samples, signal from the negative control was subtracted as described in (Schmid et al., 2018). To

obtain an estimate pA- signal at each position, we subtracted theS. pombe normalized pA+ signal from the pA+ and pA- signal. For the

2 min 4tU IPs this was done after background subtraction.

Annotations
mRNAandSUT annotations from (Xu et al., 2009) were lifted toUCSC sacCer3. Cryptic Unstable Transcripts (CUTs) and sn/snoRNAs

from (Xu et al., 2009) were excluded from analysis since the majority of produced transcripts were not polyadenylated. XUT anno-

tations were taken from (Wery et al., 2016). S. pombe genome and annotations are from ENSEMBL release EF2.

Counting gene body and end signal
Gene body regions were defined from TSSs to regions 200bp upstream of TESs (TSS to TES-200bp). Gene ends were defined as

regions from 200bp upstream to 200bp downstream of the annotated TES (TES ± 200bp). Gene body regions shorter than 100bp

and parts of gene body regions, which overlapped gene end regions of neighboring genes, were removed from the analysis. For

XUTs, end regions overlapping end regions of transcripts from (Xu et al., 2009) were removed from the analysis. Signals within

each region were counted by custom scripts using S. pombe normalized, background-subtracted pA+ or pA- bedgraph track files.

Distribution of signal was then analyzed using custom scripts in R.

Differential expression analysis
Comparison of log2 FCs signals between Mex67-AA and Nab2-AA (Figure 1 and S1) was based on 10 min 4tU pA+ samples, where

the majority of all genes has signal in the labeled fraction significantly above background (see below). pA+ signal from gene ends

(TES ± 200bp) from raw mapped reads (i.e., before normalization to S. pombe reads and without background subtraction) was

collected and analyzed using the R package DESeq2 (v 1.16.1). For this, S. pombe based size factors were derived from reads

mapping to S. pombe transcripts (TSS to TES+300bp) counted using a custom script based on bedtools and put to the sizeFactors

function from DESeq2. pA+ reads from gene ends were counted using the same script and differential expression between 15 min

rapamycin treated samples relative to untreated samples analyzed using independent DESeq2 calculations for IP and total RNA sam-

ples with otherwise default settings. Differential enrichment of 10 min 4tU IP samples relative to the input and enrichment of IP sam-

ples relative to the negative control IP was computed using the same procedure but by combining IP and total RNA data within one

DESeq2 run. Plots depicted in Figure 1 show only those RNAs with significant enrichment in the control IP relative to input samples.

Comparison of log2 FCs in gene body and gene end regions ofMex67-AA andNab2-AA samples in Figure 2was based on the 2min

4tU pA+ samples, where the enrichment in the IP relative to negative control was less pronounced. For this analysis, background-

subtracted S. pombe-normalized 2 min 4tU IP signals were used to measure pA+ signal from gene ends and pA- signal from gene

bodies. Regions where signals were below background were given a pseudocount of 10�6 and plots depicted in Figure 2 show

average values from control and 15 min samples on a log-scaled y axis.

Metagene heatmaps
Heatmaps were obtained using computeMatrix, plotHeatmap functions from the deepTools2 software suite v2.2.4 together with

custom python scripts (Iasillo et al., 2017). For heatmaps of log2 FCs between two conditions, the minimum positive value within

the entire matrix added as pseudocount, and used to replace zero and negative values, mean values from replicates were computed

and the log2 FC calculated between depletion and corresponding control libraries using custom python scripts and plotted using
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plotHeatmap from deepTools2. Sorting according to termination defect was done using the built-in sorting of the plotHeatmap func-

tion using a matrix containing log2 FC values for the region 250bp downstream the TES.

Correlation between RNA net production and published transcription and decay-rate data
Transcription and decay-rates were obtained from the relevant publications listed in the ‘Other’ section of the Key Resources Table.

Half-life and decay estimates were obtained from the Supplemental Information of the relevant publications. In caseswhere only half-

life information was provided, decay-rates were obtained using equation k = ln(2)/halflife. We also included estimated decay rates

derived from the comparison of 4tU- relative to total RNA-levels using the formula: Decay Rate DR = -(1/t) * ln(1 – RNA4tU / RNAtotal),

akin to the strategy from (Sun et al., 2012; Miller et al., 2011). RNA4tU and RNAtotal are the S. pombe normalized and, for the 4tU IP

background-subtracted, pA+ signal from gene ends (TES ± 200bp) from the 10 min 4tU experiment and labeling time t = 10 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of FISH data was performed as described in ‘pA+ RNA FISH analysis and protein localization’ section. 4tU-labeled

RNAs that were analyzed by reverse-transcription and qPCR were normalized as described in the ‘Isolation of newly synthesized

RNAs using 4tU labeling’. When highlighted, qPCR results were analyzed using a two-tailed paired t test and p value (P) significance

is defined as follows: not significant (ns) - p > 0.05; * - p % 0.05; ** - p % 0.01; *** - p % 0.001 and **** - p % 0.0001. Analysis of

sequencing data was performed as described in the following sections: ‘Bioinformatics’, ‘RNA 30end sequencing quality control,

filtering, mapping and normalization’, ‘Counting gene body and end signal’, ‘Differential expression analysis’, ‘Metagene heatmaps’

and ‘Correlation between RNA net production and published transcription and decay-rate data’.

DATA AND SOFTWARE AVAILABILITY

The accession number for data from 10min 4tU labeling experiments reported in this paper is GEO: GSE108477. The accession num-

ber for data from 2 min 4tU labeling experiments reported in this paper is GEO: GSE108550. Raw non-sequencing data has been

deposited with Mendeley Data at https://doi.org/10.17632/jxw2cmh8kp.1.
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