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ABSTRACT

RNA-binding proteins (RBPs) are key mediators of
RNA metabolism. Whereas some RBPs exhibit nar-
row transcript specificity, others function broadly
across both coding and non-coding RNAs. Here,
in Saccharomyces cerevisiae, we demonstrate that
changes in RBP availability caused by disruptions
to distinct cellular processes promote a common
global breakdown in RNA metabolism and nuclear
RNA homeostasis. Our data shows that stabiliza-
tion of aberrant ribosomal RNA (rRNA) precursors
in an enp1-1 mutant causes phenotypes similar to
RNA exosome mutants due to nucleolar sequestra-
tion of the poly(A)-binding protein (PABP) Nab2. De-
creased nuclear PABP availability is accompanied
by genome-wide changes in RNA metabolism, in-
cluding increased pervasive transcripts levels and
snoRNA processing defects. These phenotypes are
mitigated by overexpression of PABPs, inhibition of
rDNA transcription, or alterations in TRAMP activity.
Our results highlight the need for cells to maintain
poly(A)-RNA levels in balance with PABPs and other
RBPs with mutable substrate specificity across nu-
cleoplasmic and nucleolar RNA processes.

INTRODUCTION

In eukaryotes, such as the yeast S. cerevisiae, both non-
coding (ncRNA; e.g. snoRNA and rRNA) and protein cod-
ing messenger RNAs (mRNA) are synthesized and pro-
cessed in the nucleus as part of the gene expression program.
Each transcript associates with a set of RNA-binding pro-
teins (RBPs) as ribonucleoprotein particles (RNPs) wherein
the RBPs guide different processing events (1–3). During
biogenesis, RNPs are surveyed by quality control mecha-
nisms to decay aberrantly processed RNAs, ensuring that
these transcripts do not continue along the gene expression
pathway (3–6). Consequently, competition between biogen-
esis and surveillance factors for maturing transcripts within
the nucleus is thought to be critical for determining tran-
script fate (e.g. decay versus maturation and export) and
shaping the overall cellular transcriptome (7,8).

The RNA exosome constitutes a central part of the gene
expression system that maintains cellular RNA homeosta-
sis (7–10). At its core, the RNA exosome is a 10 subunit
complex that harbors RNA binding and nuclease activi-
ties used to carry out RNA biogenesis and quality control,
including Dis3/Rrp44, which possesses both exo- and en-
donuclease functions (11,12). The nuclear RNA exosome
also contains an eleventh subunit, Rrp6, which is a 3′-5′
exonuclease (13–15). In addition, the Trf4/5-Air1/2-Mtr4
polyadenylation (TRAMP) and Nrd1/Nab3/Sen1 (NNS)
complexes support RNA exosome-mediated RNA process-
ing and decay activities by targeting RNA substrates to the
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RNA exosome (16–21). Through nuclease-associated activ-
ities, and in conjunction with the TRAMP and NNS com-
plexes, the RNA exosome participates in both the biogen-
esis and surveillance of different classes of RNAs, includ-
ing ribosomal RNA (rRNA), small nucleolar RNAs (snoR-
NAs), and mRNAs (9,10,22,23). Consequently, when RNA
exosome activity is lost, or TRAMP and/or NNS functions
are abolished, RNA biogenesis and surveillance is severely
perturbed, resulting in the stabilization of various RNA
processing intermediates (16,17,20,21,24–27). For exam-
ple, precursor rRNA (pre-rRNA) species and 3′-extended
snoRNAs accumulate due to stalled or defective process-
ing events in RNA exosome, TRAMP, and NNS mutants,
with aberrant transcripts localizing to discrete subdomains
of the nucleus (14,20,28–35).

Loss of nuclear RNA surveillance activity also leads to
the stabilization of other types of transcription products
collectively referred to as pervasive transcripts. Based on
the mutant background in which they were originally de-
tected, pervasive transcripts have been classified into vari-
ous groups, including cryptic unstable transcripts (CUTs)
and stable unannotated transcripts (SUTs) in a rrp6Δ mu-
tant (21,36), and Nrd1 unterminated transcripts (NUTs) in
a nrd1Δ mutant (37). In addition, loss of another exonu-
clease involved in RNA processing and decay, Xrn1, results
in the stabilization of a related class of transcripts termed
XUTs (38). Both CUTs and NUTs undergo transcrip-
tional termination via the NNS complex similar to snRNAs
and snoRNAs (17,27,37,39,40). However, most SUTs and
XUTs are terminated by the cleavage and polyadenylation
factor (CPF) pathway, with SUTs being degraded through
activities of the RNA exosome, nonsense-mediated decay
(NMD) pathway, and Xrn1, while XUTs are generally ex-
ported and degraded in the cytoplasm by Xrn1 (38,41).
These data collectively highlight the fact that biogenesis and
decay of different classes of RNAs are facilitated by overlap-
ping machineries (e.g., RNA exosome, NNS, and TRAMP
complex), which include shared RBPs.

Recent genome-wide studies have identified RBP sub-
strates and revealed that specific RBPs besides the RNA
surveillance machinery also interact with several different
RNA classes (42,43). One such RBP was Nab2, a poly(A)-
binding protein (PABP). Nab2 is known to bind nuclear
mRNAs to protect them from decay and facilitate export
to the cytoplasm (44–48), but was also found to bind perva-
sive and RNA polymerase III transcripts (42,49). This abil-
ity of Nab2 to associate with different types of RNA sug-
gests that competition must occur between different tran-
script classes for Nab2. Thus, changes in the amount of
Nab2 engaged in one pathway (i.e., RNA surveillance and
decay) could limit the availability of Nab2 to function in
other processes (i.e., RNA biogenesis and export). Indeed,
previous work has shown that mutations in RNA exosome
subunits result in an accumulation of both poly(A)-RNA
and Nab2 within the nucleolus (31,35). Similarly, accumu-
lation of Nab2 on nuclear mRNAs upon nuclear export fail-
ure has been shown to leave nascent transcripts vulnerable
to nuclear decay (44,45). These data suggest that alterations
in RNA biogenesis and surveillance that produce stable nu-
clear poly(A)-RNAs may compete for Nab2; however, de-

spite these observations, the underlying mechanisms and
the species of polyadenylated and accumulated RNAs has
so far remained unidentified.

Recently, loss of Enp1, a ribosome biogenesis factor not
previously implicated in RNA surveillance and decay, was
shown to cause phenotypes shared with RNA exosome
mutants that included mRNA, poly(A)-RNA and RBP
(e.g. Nab2) accumulation in a sub-nuclear domain (35).
Enp1 is required for 40S subunit maturation and export
to the cytoplasm (50,51). It binds to the 3′end minor do-
main of the 20S pre-ribosomal RNA (rRNA), a precur-
sor to the mature 18S rRNA, close to site D in the Inter-
nal Transcribed Spacer 1 (ITS1), where, together with Ltv1
and Tsr1, it coordinates stabilization of the pre-40S riboso-
mal beak structure in its immature conformation, facilitates
repositioning of the ribosomal protein S3 (Rps3 or uS3) and
late integration of Rps10 (eS10) (52–54). Loss of protein
function in the enp1-1 temperature sensitive (ts) mutant in-
hibits early rRNA processing, synthesis of 20S pre-rRNA,
and production of mature 40S ribosomal subunits (51,54).
Disruption of the Ran exchange factor Srm1 (Prp20),
which functions in nucleocytoplasmic transport (55), sim-
ilarly causes poly(A)-RNA and mRNA accumulation in a
sub-nuclear domain (35). This raises the question of how
the shared phenotypes of poly(A)-RNA accumulation and
RBP sequestration can arise in cells carrying mutations
in distinct pathways, such as RNA surveillance, ribosome
biogenesis, and nucleocytoplasmic transport, and whether
they represent a common cellular state at the molecular
level.

In this study, we demonstrate that disruptions in pre-
rRNA processing caused by enp1-1, or loss of RNA exo-
some function via csl4-ph, lead to association of Nab2 with
pre-rRNAs, snoRNAs, and the ribosomal processing ma-
chinery, resulting in sequestration of Nab2 away from its
normal nuclear interactome. In addition, enp1-1 cells show
genome-wide changes in the expression of mRNAs and per-
vasive transcripts that are correlated with changes in RNA
exosome mutants (e.g. rrp6Δ, dis3-1 and csl4-ph), as well
as having shared snoRNA processing defects. These and
other supporting data suggest a model in which: (i) aber-
rant pre-rRNAs (i.e. incorrectly processed or stalled in the
processing pathway) generated in an enp1-1 mutant com-
pete for and limit Nab2 availability; (ii) decreased Nab2 ac-
tivity leads to the generation and stabilization of nuclear
RNA surveillance substrates; (iii) a buildup of surveillance
substrates further limits the availability of Nab2 and other
RBPs; and, (iv) the accumulation of substrates caused by
both the loss of enp1-1 and RBP sequestration saturates
the nuclear RNA exosome causing a terminal phenotype
in enp1-1 cells similar to that of an RNA exosome mutant.
In line with this model, overexpression of Pab1, a PABP
known to rescue viability of a nab2Δ mutant (47), reduced
the observed enp1-1 phenotypes and enhanced the growth
of enp1-1 cells at a semi-permissive temperature. Overall,
these data support a mechanism by which accumulation
of excess aberrant nucleolar RNA, both polyadenylated
and non-polyadenylated, disrupts nuclear RNA homeosta-
sis through sequestration of Nab2 and limiting PABP activ-
ity.
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MATERIALS AND METHODS

Yeast strain growth

Yeast strains and plasmids used in this study are listed
in Supplementary Tables S4 and S5. Cells were grown in
YPD or synthetic complete media lacking the appropri-
ate amino acid to maintain plasmids when appropriate.
All transformations were carried out using high-efficiency
LiAc/SS-DNA/PEG protocol (56). Unless noted other-
wise, cells for RNA-based or protein-based analyses were
isolated, rapidly frozen in liquid nitrogen, and cryolysis was
performed by solid phase milling in a planetary ball mill
(Retsch) producing a fine cell grindate (57). All grindate was
stored at −80◦C until processed either for affinity purifica-
tion or RNA extractions.

Fluorescent in situ hybridization (FISH)

Fluorescent in situ hybridization (FISH) was performed us-
ing 2 ng of TYE 563 labeled LNA oligo-dT (Exiqon Inc.,
Woburn, MA) per sample. Briefly, yeast strains were grown
at room temperature until OD600 = 0.8, transferred to 37◦C
for 90 min if necessary, and fixed by adding 37% formalde-
hyde (Sigma-Aldrich) directly to the culture to a 5% final
concentration. Cells were fixed at the growth temperature
(e.g. room temperature or 37◦C) for 15 min, centrifuged at
3300 RCF for 1 min, and the cell pellet washed two times
with buffer A (0.1 M potassium phosphate pH 6.5 and 0.5
mM MgCl2). To remove the yeast cell wall, cells were re-
suspended with 250 �l of buffer B (0.1 M potassium phos-
phate pH 6.5, 0.5 mM MgCl2, and 1.2 M Sorbitol) sup-
plemented with beta-mercaptoethanol (Fisher) to 0.4% and
Zymolase at 0.02 mg/ml followed by incubation at 37◦C for
35 min. After spheroplasting, the cell pellet was collected
by centrifugation at 400 RCF for 3 min and re-suspended
in 200 �l of buffer B. Cells were placed on poly-L-lysine
coated 8-well glass slides and incubated at room tempera-
ture for 10 min. Un-adhered cells were removed by wash-
ing two times with buffer A, followed by permeabilization
in ice-cold methanol for 6 min and ice-cold acetone for 30
s, after which slides were allowed to air dry. Prior to hy-
bridization, the hybridization solution (10× saline-sodium
citrate (SSC), 10× Denhardt’s solution, and 0.02% Tween
20) without probe was added to each well and incubated
at 37◦C for 2 h and then replaced with hybridization solu-
tion containing probes and incubated at 37◦C for at least 12
h. The following day, cells were washed sequentially with
2× SSC, 1× SSC, 0.5× SSC for 30 min, and 2× phosphate
buffered saline (PBS) for 10 min at room temperature. Af-
ter the final wash, slides were dipped into 100% ethanol for
10 s, air-dried, and mounting media (Vectorlabs) with 4’,6-
diamidino-2-phenylidole (DAPI) was applied to each sam-
ple and a coverslip was affixed. Imaging was performed on
an Andor Dragonfly imaging system using a Leica DMi8
microscope and an Andor iXon Ultra 888 EMCCD camera
driven by Fusion software using a 60× 1.4 N.A. oil objec-
tive. Image analysis was performed in FIJI (58).

Imaging GFP fusions with FISH

Yeast strains carrying integrated or plasmid expressed GFP
reporters were grown in selective media overnight, trans-

ferred to YPD for 2 h, and then shifted to 37◦C for the indi-
cated time. Following temperature shift, cells were fixed for
15 min using 2% paraformaldehyde and then processed for
FISH and imaged as described.

Nab2 affinity purification

All strains were harvested in log phase (OD600 = ∼0.8),
transferred to 37◦C for 90 min if required, and cell pel-
lets were snap frozen in liquid nitrogen for grindate gen-
eration by cryo-milling (57). Nab2-PrA RNP purifications
along with negative controls (PrA-tag expressed alone) were
performed in RNP buffer (20 mM HEPES–KOH pH 7.4,
110 mM KOAc, 0.5% triton X-100, 0.1% Tween-20, 4
�g/ml pepstatin A, 180 �g/ml phenylmethylsulfonyl fluo-
ride, 1:5000 antifoam A) supplemented with 100 mM NaCl
(RNP100) as previously described (59). Briefly, 0.5 g of
cell grindate was resuspended in 4.5 ml of RNP100 buffer
and homogenized by polytron. Lysates were cleared by cen-
trifugation at 2465 RCF, 4◦C for 10 min and subsequently
incubated with 3.75 mg IgG-conjugated Dynabeads, pre-
washed in RNP100, for 30 min at 4◦C on a rotating wheel.
After ten washes in RNP100, detergents were removed by
washing the bead-bound complexes in 0.1 M NH4OAc/0.1
mM MgCl2. After a final wash in 20 mM Tris–HCl pH 8.0,
on-bead digestion of the isolated complexes was performed
in 20 mM Tris–HCl pH8.0 at 37◦C (59). The digestion was
stopped by adding formic acid to a final concentration of
2%.

Mass spectrometry

LC–MS/MS analysis. Tryptic peptides were cleaned us-
ing C18 ZipTips as per supplier recommendations (Milli-
pore). For LC–MS, each sample was injected to near sat-
uration of the signal, while an equivalent volume of their
respective negative controls were injected.

Liquid chromatography was performed using a PicoFrit
fused silica capillary column (15 cm × 75 �m i.d; New Ob-
jective, Woburn, MA, USA), self-packed with C-18 reverse-
phase resin (Jupiter 5 �m particles, 300 Å pore size; Phe-
nomenex, Torrance, CA, USA) using a high-pressure pack-
ing cell on the Easy-nLC II system (Proxeon Biosystems,
Odense, Denmark) and coupled to the LTQ Orbitrap Ve-
los (ThermoFisher Scientific, Bremen, Germany) equipped
with a Proxeon nanoelectrospray Flex ion source. 0.2%
formic acid (Solvent A) and 100% acetonitrile/0.2% formic
acid (Solvent B) were used for chromatography and pep-
tides were loaded on-column at a flowrate of 600 nl/min
and eluted with a three slope gradient at a flowrate of 250
nl/min. Solvent B was first increased from 2 to 25% over 20
min, then from 25 to 45% over 40 min, and finally from 45
to 80% B over 10 min.

The mass spectrometer was operated in data-dependent
mode (DDA) with a locked mass (371.101233 Da) using the
following settings. Full scan acquisition was carried out in
the Orbitrap at a resolution of 60 000 (at m/z of 400). The
top 16 most abundant precursors were selected, fragmented
using CID (normalized collision energy of 35 V and activa-
tion q of 0.25 for 10 ms), and acquired in the linear ion trap
in parallel. Mass over charge ratio range was set at 400–1800
for MS scanning with a target value of 1 000 000 charges,
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and from ∼1/3 of parent m/z ratio to 2000 for MS/MS with
a target value of 10 000 charges. Data dependent scan events
used a maximum ion fill time of 100 ms and 1 microscan.
Capillary temperature was set to 250◦C, while nanospray
and S-lens voltages were set to 1.3–5171.7 kV and 50 V, re-
spectively. Precursors were dynamically excluded for 22 s,
after two counts occurring within 21.5 s.

Protein identification. The peak list files were generated
with Proteome Discoverer (version 2.1.0.81) using the fol-
lowing parameters: minimum mass set to 500 Da, maxi-
mum mass set to 6000 Da, no grouping of MS/MS spec-
tra, precursor charge set to auto, and minimum number
of fragment ions set to 5. Protein database searching was
performed with Mascot 2.5 (Matrix Science) against the
NCBI S. cerevisiae protein database (20160802). The mass
tolerances for precursor and fragment ions were set to 10
ppm and 0.6 Da, respectively. Trypsin was used as the en-
zyme allowing for up to one missed cleavage. Cysteine car-
bamidomethylation was specified as a fixed modification,
and methionine oxidation as variable modifications. Data
analysis was performed using Scaffold (version 4.8.4).

Mass spectrometry data analysis. Protein and peptide
identification thresholds in Scaffold™ were set to 95% and
90% which resulted in respective decoy false discovery rates
of 3.4% and 0.59%. Exclusive spectrum counts (ESC) were
used for semi-quantification of protein preys, and mass
spectrometry results were analyzed as previously described
(60). Briefly, only Exclusive Spectral Counts (ESCs) above
background detected in negative controls were retained
(Supplementary Tables S2 and S3). To take protein size into
account in the quantification, preys with at least five ESCs
in both replicates were normalized against the number of
theoretical peptides each protein generate by in silico digest.
The theoretical trypsin digestion was performed using MS-
digest (http://prospector.ucsf.edu) with zero missed cleav-
ages, no variable modifications, and a minimum of seven
amino acids per peptide within a mass range of 718–4000
Da. The obtained values were finally normalized against the
value of the bait protein in each experiment (Supplementary
Tables S2 and S3). Low confidence interactors are listed as
grey values (Supplementary Table S3).

RNA sequencing

All code related to RNA-seq analyses has been
deposited at: https://github.com/montpetitlab/
Aguilar and Paul et al 2020.

RNA extraction for Ribo-depleted and dT-enriched analyses.
All strains were grown to log phase (OD600 = ∼0.8), trans-
ferred to 37◦C for 90 min if required, and cell pellets were
snap frozen in liquid nitrogen for grindate generation by
cryo-milling (57). RNA extractions were performed using 5
mg of cryo-ground cell powder thawed in Trizol and purified
on a RNeasy column (74104, Qiagen). All kits were used as
per supplier specifications. The RNA extracts were either
Poly(A)-RNA enriched via oligo-dT (E7490, NEB) or ribo-
depleted (MRZY1324, Epicentre) and cDNA libraries were

prepared using the Kapa stranded RNA-seq library prepa-
ration kit (Kapa Biosystems). Paired end 50 (PE50) RNA-
sequencing was performed using a Hiseq 2500.

Genome and transcriptome preparation. For transcript
quantification, all libraries were quantified against the same
transcriptome using Salmon (version 0.12.0) (61). The cus-
tom transcriptome was prepared using a bed file that
contained coordinates for pervasive transcripts, ribosomal
RNAs, and mRNAs to obtain transcript fasta sequences us-
ing bedtools getfasta command (version 2.29.2) against the
UCSC sacCer3 genome (62,63). For RPKM estimation, all
libraries were aligned to the UCSC sacCer3 genome.

Ribo-depleted and dT-enriched RNA-seq analysis. Paired-
end reads were trimmed using Trimmomatic (version 0.39)
to quality trim and remove adapters (64). Trimmed reads
were quantified against the custom transcriptome using
Salmon quant (61). A count matrix was generated using
the tximport R package (version 1.14.0) (65). Differential
expression was performed using the R package DESeq2
(version 1.26.0) using the DESeq function and specifying
a wald test (66). For ribo-depleted analyses, three biolog-
ical replicates from csl4-ph and two from rrp6Δ, dis3-1,
enp1-1, srm1-ts and control strains were used. All mutants
were contrasted against control to generate log2(FC) val-
ues for each transcript. To generate the correlation ma-
trix, the R cor function using pearson’s correlation was
used. Log2(FC) values were also used to plot accumulation
curves, heatmaps, snoRNA, and mRNA class information
from (42). For dT-enriched analyses, three biological repli-
cates from csl4-ph and control strains, and two from enp1-1
and srm1-ts strains were used. Log2(FC) values were used
to plot snoRNA and rRNA changes relative to control, and
mRNA class information from (42).

To quantify differences in alignment depth and position
to snoRNA genes, trimmed reads were also aligned against
the UCSC sacCer3 genome using hisat2 (version 2.1.0) (67).
These bam alignment files were sorted and indexed using
samtools (version 1.10) (68). Data for snoRNA profiles and
heatmaps were generated using deeptools (version 3.3.2)
(69). First, the deeptools bamCoverage command was used
with parameter –normalizeUsing RPKM. Then, the com-
puteMatrix command with parameters scale-regions was
used to generate RPKM estimates across all snoRNA genes
in conjunction with a snoRNA bed file from (62). Results
were visualized using the plotHeatmap command and in R.
To quantify differences in alignment depth and position to
snoRNA genes, the same procedure was followed with both
ribo-depleted and dT-enriched libraries.

3′Tag-seq preparation and analysis. All strains were grown
in selective media until OD600 = 0.8, transferred to 37◦C
for 90 min, and 5.0 ODs of cells were harvested by cen-
trifugation and snap frozen on liquid nitrogen. RNA was
extracted using the Quick-RNA Fungal/Bacterial prep kit
(Zymo Research). Samples were treated with DNAase I
(Zymo Research) on column and RNA integrity was as-
sessed by 2% gel electrophoresis. Library preparation and
sequencing was carried out by UC Davis Genome Cen-
ter following the 3′-Tag Sequencing method (QuantSeq 3′

http://prospector.ucsf.edu
https://github.com/montpetitlab/Aguilar_and_Paul_et_al_2020
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mRNA-Seq kits) using an Illumina HiSeq 4000 with single
end 90 bp reads.

The first 12 reads were trimmed per manufacturer in-
structions using Trimmomatic (version 0.38) (64). Poly(A)
tails and adapters were removed using the bbMap com-
mand bbduk.sh (version 38.20) (70). Trimmed reads were
quantified against the custom transcriptome using Salmon
quant (61). A count matrix was generated using the txim-
port R package (version 1.14.0) (65), and by selection the
counts dataframe from the tximport object, as 3′Tag-seq
data should not be normalized for transcript length given
that reads originate from the 3’ end of the transcript. Differ-
ential expression was performed using the R package DE-
Seq2 (version 1.26.0) using the DESeq function and speci-
fying a wald test (66). All contrasts were performed against
control and within mutants when appropriate. Log2(FC)
values were used to plot accumulation curves for pervasive
transcripts and mRNA classes information from (42).

Northern blot analysis

Total RNA extractions were performed from flash-frozen
cell pellets using a hot phenol RNA extraction (71).
Poly(A)-RNA was enriched from 770 �g of total RNA
using PolyATtract mRNA Isolation Systems as per sup-
plier specifications (Z5310, Promega). RNA associated with
Nab2-PrA complexes were recovered by affinity purifica-
tion, as detailed above, but with the following modifica-
tions: 1g cell grindate and 7 mg IgG-conjugated Dynabeads
were incubated in RNP100 buffer supplemented with 0.2
U/�l RNasin. Post incubation, beads were washed six times
in RNP100. Finally, RNA was extracted from bead-bound
complexes using phenol/chloroform/IAA (24:24:1).

For northern blotting, 3 �g of total RNA was loaded
for each sample. Volume equivalents for input and FT
samples were also loaded. RNA was resolved on a 1%
agarose-formaldehyde gel in Tricine-Triethanolamine and
transferred onto a nylon membrane in 10× SSC by capil-
larity force as previously described (72). 10 pmol of each
oligonucleotide was radioactively labelled with 20 �Ci of
[�P32]-ATP (3000 Ci/mmol; Perkin-Elmer), cleaned using
G25 columns as per supplier specifications (GE Healthcare,
27-5325-01) and incubated with the nylon membrane to de-
tect different RNA species (for probe sequences, see Supple-
mentary Table S6). The probes were hybridized overnight
at 37◦C in 50 ml Hybridization Buffer (6× SSPE (6 mM
EDTA/0.894 M NaCl/60mM phosphate buffer pH 7.4),
5× Denhardt’s, 0.2 mg/ml single-stranded DNA and 0.2%
SDS). Membranes were washed at 37◦C for 15 min in 50
ml 6× SSPE. For yU14 and snR30, two successive 50 ml
washes were carried out with 5× SSPE, 0.1% SDS followed
by one wash with 0.5× SSPE, 0.1% SDS. Membranes were
exposed to phosphor imaging screens, which were scanned
on a Typhoon (FLA 9500) after 1–4 days of exposure.

Liquid growth assay

Cell cultures were grown overnight to stationary phase in
selective media then diluted to an OD600 of 0.2 in a 48-well
plate. Strains were grown for 18 h with shaking at 32◦C and
OD600 measurements were taken using a NEO2 plate reader

(BioTek, USA). A line was fit to the growth curve to deter-
mine the maximum growth rate over a continuous 90-min
period for each strain within the 18 h of growth.

Statistics

The statistical tests used are defined within the methods
sections, figures, and/or figure legends, including exact P-
values, t-values, and degrees of freedom where applicable.

RESULTS

enp1-1 and srm1-ts transcriptomes are similar to RNA exo-
some mutants

In S. cerevisiae, the disruption of multiple genes function-
ing in distinct biological processes, including RNA surveil-
lance (RRP6, DIS3 and CSL4), rRNA processing (ENP1),
and nucleocytoplasmic transport (SRM1), share a com-
mon set of phenotypes that includes the accumulation of
poly(A)-RNA in a sub-nuclear domain (31,35). Previous
work has indicated that in RNA exosome mutants this
poly(A)-RNA mass is associated with the nucleolus (31,35).
To better understand the mechanism behind poly(A)-RNA
accumulation, we first characterized the transcriptome in
these ts mutant strains. RNA-seq analyses were performed
on ribosome-depleted (ribo-) RNA samples prepared from
control, rrp6Δ, dis3-1, csl4-ph, enp1-1 and srm1-ts strains
after 90 min at 37◦C when poly(A)-RNA accumulation
was apparent (Figure 1A). Analysis of the RNA-seq data
showed that within the control strain ∼85% of reads were
generated from mRNAs and the remaining ∼15% from
ncRNAs, which included snRNAs, snoRNAs and pervasive
transcripts (Supplementary Figure S1a and Supplementary
Table S1). In the mutants, the number of reads generated
from mRNA decreased (∼75–82%), while ncRNA reads in-
creased, largely due to augmented levels of pervasive tran-
scripts (∼12–19%). Cluster analysis of log2 fold change
relative to control indicated that these mutants displayed
similar patterns of gene expression, with mRNAs signifi-
cantly reduced and pervasive transcripts increased (Figure
1B, Supplementary Figure S1b and c). For pervasive tran-
scripts, no one class (e.g. CUTs, SUTS, NUTs or XUTS)
was specifically impacted, with the various types of perva-
sive transcripts all showing increased levels in the mutants
assayed (Supplementary Figure S1c). Correlated changes
in gene expression between rrp6Δ, dis3-1, csl4-ph, srm1-ts
and enp1-1 mutants were also apparent in correlation co-
efficient scores calculated between RNA exosome mutants
or between RNA exosome and enp1-1 or srm1-ts mutants
(Figure 1C).

Aiming to further the role of RBPs in mRNA
metabolism, recent work has defined ten broad classes
of RBP interaction profiles with mRNA (42), with each
class considered indicative of differences in mRNA process-
ing. For example, class I-III mRNAs are bound by specific
RBPs in a pattern similar to pervasive transcripts that are
targeted by the RNA exosome for degradation. In contrast,
class IV-X are bound by RBPs in a pattern that suggests
these transcripts are exported, translated, and decayed in
the cytoplasm. To understand if the relative abundance of
mRNA transcripts in the five ts mutants correlated with
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Figure 1. Transcriptomes in RNA decay and ncRNA processing mutants are similar. (A) FISH images showing nuclear accumulation of poly(A)-RNA
in control, rrp6Δ, dis3-1, csl4-ph, enp1-1 and srm1-ts cells after 90 min of growth at 37◦C. Nucleus shown in blue (DAPi) and poly(A)-RNA in red. Scale
bar = 2 �m. (B) Hierarchical clustering of genes significantly differently expressed at P <0.01, log2(FC), in ts mutant strains after 90 min at 37◦C with
respect to control in ribo-depleted RNA libraries. Bar on the left indicates transcript identity, mRNA (gray) and pervasive transcripts (blue) with each row
representing an individual transcript and each column a mutant. Red shades indicate positive and blue negative value changes in gene expression. log2(FC)
values greater than the absolute value of 6 are encoded as maximum saturation. (C) Correlation matrix displaying calculated correlation coefficients of
transcriptome-wide log2(FC) between strains after 90 min at 37◦C in ribo-depleted RNA libraries. For B and C, log2(FC) values correspond to the average
from at least two biological replicates using all reads quantified against each feature.

RBP interaction profiles, expression changes within each
mRNA class were plotted for each mutant. This analysis
revealed that mRNAs in classes I-III were expressed at
higher levels in the mutants than in the control strain,
which included meiotic transcripts known to be targeted
for decay by the RNA exosome in vegetative cells (73),
while mRNAs in class IV-X trended lower (Supplementary
Figure S2). Together, the stabilization of class I-III mRNAs
and pervasive transcripts are suggestive of lowered nuclear
surveillance and/or RNA-decay activity in srm1-ts and
enp1-1 mutants, similar to rrp6Δ, dis3-1 and csl4-ph cells.

csl4-ph and enp1-1 cells accumulate polyadenylated ncRNA

The shared phenotypes and transcriptomic profiles of
rrp6Δ, dis3-1, csl4-ph, enp1-1 and srm1-ts mutants sug-
gest that the poly(A)-RNA signal observed by fluores-
cent in situ hybridization (FISH) in these cells could arise
from stabilized pervasive transcripts and nuclear mRNAs
(Figure 1 and Supplementary Figure S1); however, it re-
mains unknown which transcripts are actually polyadeny-
lated in these cells. To characterize polyadenylated tran-
scripts, RNA-seq was performed using oligo-dT-purified
RNA from csl4-ph, enp1-1 and srm1-ts strains after 90
min at 37◦C and compared to control (Supplementary Ta-
ble S1). In control cells, dT-enrichment resulted in ∼88%
of reads being mapped to mRNAs and ∼9% mapping

to pervasive transcripts (i.e. SUTs and XUTs) known to
be polyadenylated (38,41). The remaining ∼3% of reads
mapped to rRNAs, which may be indicative of polyadeny-
lated rRNA precursors generated during rRNA biogen-
esis (30). In the case of csl4-ph and enp1-1, the fraction
of reads mapping to pervasive transcripts increased ∼2-
fold, similar to what was observed in ribo-depleted RNA
libraries (Supplementary Table S1). The number of reads
mapping to ncRNA in dT-enriched samples from csl4-ph
and enp1-1 strains also increased. Notably, an increase of
∼30- and ∼3.5-fold in snoRNA reads were observed in csl4-
ph and enp1-1 cells, respectively, which was not seen in ribo-
depleted RNA samples. In line with this, differential expres-
sion analysis demonstrated that a large fraction of snoR-
NAs were increased in the dT-enriched libraries from csl4-
ph and enp1-1 cells, but not in ribo-depleted libraries, while
snoRNAs were generally decreased in the srm1-ts strain re-
gardless of library preparation (Figure 2A). To further in-
vestigate the increase in polyadenylated snoRNAs in csl4-
ph and enp1-1, reads per kilobase of transcript per mil-
lion mapped reads (RPKM) were estimated for normalized
windows across snoRNAs. The resulting metagene plots
for both enp1-1 and csl4-ph showed that normalized read
depth was significantly higher within the gene body and
downstream of the transcription end site (TES) in poly(A)-
RNA-enriched data compared to control cells, in particular
in csl4-ph cells, while ribo-depleted samples indicated only



Nucleic Acids Research, 2020, Vol. 48, No. 20 11681

Figure 2. Polyadenylation of ncRNAs is increased in Csl4 and Enp1 mutants. (A) Plot displaying calculated log2(FC) values for snoRNAs in csl4-ph,
enp1-1 and srm1-ts cells after 90 min at 37◦C with respect to control in both oligo-dT purified and ribo-depleted RNA libraries from at least two biological
replicates. Average change across all transcripts is indicated by the solid line, dark circles indicate significance at P < 0.05, and gray dots were not significance
at P < 0.05. (B) Metagene analysis showing average read density across snoRNA genes in both oligo-dT purified (left) and ribo-depleted (right) RNA-seq
libraries with respect to the transcription start site (TSS) and transcription end site (TES). Data is presented as RPKM, reads per kilo base per million
mapped reads, to normalize for gene length and library size. (C) Heatmap displaying calculated log2(FC) values for rRNA transcripts generated from
RDN25 (25S), RDN18 (18S), RDN58 (5.8S), and RDN5 (5S), plus associated transcribed spacers (ETS1, ITS1, ITS2, ETS2), within the rDNA locus (see
schematic) in csl4-ph, enp1-1 and srm1-ts cells after 90 min at 37◦C with respect to control in oligo-dT purified RNA libraries. Transcripts that could not
be calculated due to a lack of sufficient read counts are indicated as not determined (n.d.).

a minimal change in global snoRNA levels (Figure 2B).
The differences in normalized read depth in ribo-depleted
versus poly(A)-RNA-enriched libraries were also apparent
for a large number of individual snoRNA genes (Supple-
mentary Figure S3a). These data indicate that steady-state
snoRNA levels do not significantly change in csl4-ph and
enp1-1 compared to control, but a significant fraction of
snoRNAs are present as 3´-extended polyadenylated tran-
scripts in csl4-ph and to a lesser extent in enp1-1 cells. Given
the known role of the RNA exosome in snoRNA process-
ing (14,16,20,31,34,74–76), this was expected for csl4-ph,
but not enp1-1, which has only been implicated in ribosome
biogenesis (51,77).

To identify ribosomal precursor RNAs to which reads
differentially mapped in csl4-ph, enp1-1 and srm1-ts strains,
we carried out differential expression analysis for defined
rRNA regions. We observed a significant increase in the
levels of the 5S rRNA gene variant, RDN5-2 (78), in csl4-
ph and enp1-1, while levels of the RDN5-1 locus were

only marginally increased. The external transcribed spacer
(ETS1; in csl4-ph, enp1-1 and srm1-ts) and internal tran-
scribed spacer (ITS1; in enp1-1 and srm1-ts) regions of
pre-rRNA were also highly elevated; however, the 18S
rRNA (RDN18) region, which is located between ETS1 and
ITS1, was not (Figure 2C). In contrast, the regions cod-
ing for pre-60S subunit components (RDN58/5.8S rRNA;
RDN25/25S rRNA) and the ITS2 and ETS2 regions
showed a significant decrease across all mutants. These re-
sults suggest that changes in ncRNA biogenesis may be
generating various polyadenylated pre-rRNA and snoRNA
species that could represent an important fraction of the
poly(A)-RNA signal detected by FISH in RNA exosome
and enp1-1 mutants (Figure 1A) and parallel previous re-
ports of RNA exosome-dependent accumulation of specific
polyadenylated ncRNA species (14,32,79).

In the case of srm1-ts, no large increases in rRNA
or snoRNA reads were observed in the poly(A)-RNA-
enriched sequencing data (Figure 2 and Supplementary Ta-
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ble S1), suggesting that at the level of transcript polyadeny-
lation the srm1-ts mutant is different from csl4-ph and enp1-
1 mutants. In line with this observation, the srm1-ts cells
displayed the weakest poly(A)-RNA signal by FISH (Fig-
ure 1A). It is possible that these results reflect failed nucle-
ocytoplasmic transport events, impacting the ability of nu-
clear proteins involved in directing (e.g. NNS complex) and
performing (e.g. TRAMP complex) polyadenylation from
accessing the nucleus. In support of this, both TRAMP
(Trf4-GFP) and NNS (Nrd1-GFP) complex subunits were
mainly localized to the cytoplasm and reduced in the nu-
cleus of srm1-ts cells at 37◦C (Supplementary Figure S3b).
These data provide a plausible rationale for both the shared
(pervasive transcript stabilization) and disparate (snoRNA
polyadenylation) phenotypes of srm1-ts cells compared to
csl4-ph and enp1-1 cells.

The poly(A)-RNA-enriched RNA-seq data suggests that
both csl4-ph and enp1-1 cells accumulate pre-rRNA and
snoRNA transcripts that are polyadenylated. To further de-
termine ncRNA polyadenylation, total RNA versus oligo-
dT purified RNA was analyzed by northern blotting us-
ing probes against pre-rRNAs, snoRNAs, and the ACT1
mRNA as a control (see Supplementary Figure S4a for
probe locations within the rRNA precursor). These data
show that dis3-1, csl4-ph, rrp6Δ and enp1-1 strains accu-
mulated polyadenylated pre-rRNAs at 37◦C (Figure 3A).
Specifically, in enp1-1 cells, polyadenylated forms of late
(20S) and aberrant (23S, 21S, and 17S) pre-40S rRNAs
(Figure 3A, lanes 5 versus 12 and Supplementary Figure
S4b and c) were found to accumulate in accordance with
a role for Enp1 in late 40S subunit maturation (26). Simi-
larly, polyadenylated 40S precursors were increased in csl4-
ph and dis3-1 cells (Figure 3A, lanes 3 versus 10), pointing
towards an inability to process and surveil pre-rRNAs due
to the absence of RNA exosome components (30,80,81).
Processing of 5.8S precursors was also impacted in rrp6Δ,
and to a lesser extend in csl4-ph cells, as shown by the ac-
cumulation of polyadenylated 7S, 6S, and 5.8S+30 species
(Figure 3A, lanes 3 versus 10 and 2 versus 9), in line with
the known role of the RNA exosome and Rrp6 in 3′-end
maturation of 5.8S rRNA (13). 5S rRNA was also found to
be polyadenylated in dis3-1, csl4-ph and rrp6Δ cells, which
may be caused by inefficient incorporation of the 5S rRNA
into pre-60S subunits due to the processing defect in 60S
maturation in these mutants (82). Even more prominent 5S
polyadenylation was detected in enp1-1 cells (Figure 3A,
lanes 5 versus 12); while it is known that aberrant 90S and
pre-40S assembly and processing events impact 60S mat-
uration, including 5S rRNA incorporation, the detected
5S polyadenylation in enp1-1 may also represent 5S rRNA
transcripts produced from the RDN5-2 variant that were
enriched in RNA-seq data (Figure 2C) (77,83). In compar-
ison, no large increase in polyadenylated pre-rRNAs was
observed in srm1-ts (Figure 3A, lanes 6 versus 13) or the
mRNA export mutant mex67-5 (Figure 3A, lanes 7 ver-
sus 14). In the case of snoRNAs, polyadenylated U14 and
snR30 accumulated in enp1-1 cells as well as in dis3-1, csl4-
ph, and rrp6Δ (Figure 3A, lanes 5 versus 12), in accordance
with the role of polyadenylation and the RNA exosome
in snoRNA processing (34,84). These data, together with
transcriptomic analyses, support the conclusion that there

is an increase in polyadenylated pre-ribosomal RNA and
snoRNA species in both enp1-1 and csl4-ph mutants.

Nab2 is associated with pre-rRNAs in csl4-ph and enp1-1 mu-
tants

The increased levels of aberrant ncRNA processing inter-
mediates and subsequent localization of RBPs to the nu-
cleolus in RNA exosome mutants (31,35) suggests that nu-
cleolar ncRNA material may compete for RBPs and limit
RBP activity in other RNA processing pathways. Nab2 is a
nuclear poly(A)-binding protein (PABP), which was shown
to primarily bind the poly(A)-RNA tail of nuclear mR-
NAs to protect them from decay and facilitate export to
the cytoplasm (44–48); however, it was later found to also
bind pervasive and RNA polymerase III transcripts (42,49).
To test for interactions between Nab2 and specific tran-
scripts, northern blot analyses were performed on RNA
from Nab2-PrA purifications in control, csl4-ph, enp1-1 and
srm1-ts cells after a shift to 37◦C. An enrichment of pre-
rRNAs was observed with Nab2 in both csl4-ph and enp1-1
cells compared to control. In particular, enrichment of 20S
pre-rRNAs, the aberrant 21S, and 17S precursors, and 5S
rRNA was detected in enp1-1, while 7S pre-rRNA was pri-
marily observed in csl4-ph cells (Figure 3B, lanes 9 versus
10 and 12), which paralleled the major pre-rRNA species
identified as polyadenylated in these mutants (compare Fig-
ure 3A and B). Hence, the purification of precursors from
both ribosomal subunits indicates an association of Nab2
with both aberrant, and potentially polyadenylated, pre-
40S and pre-60S complexes. Similarly, the snoRNAs U14
and snR30 associated with Nab2 in the mutant strains, but
these were not the polyadenylated forms observed by north-
ern blot using dT-enriched RNA (Figure 3A, lanes 9 and
12 versus Figure 3B, lanes 10 and 11), which may reflect
mature snoRNAs associated with ribosome intermediates
purifying with Nab2. Increased levels of ACT1 pre-mRNA
and mRNA were also found co-isolating with Nab2 (Fig-
ure 3B, lanes 10 and 11), matching the report of nuclear
mRNA retention within the poly(A)-RNA sub-nuclear do-
main in the enp1-1 mutant (35). Consistent with these in-
teractions occurring in the nucleolus, both Nab2-GFP and
the nucleolar protein Gar1-GFP co-localized with poly(A)-
RNA in csl4-ph and enp1-1 cells at 37◦C (Figure 3C). In the
case of srm1-ts, Nab2-GFP was largely cytoplasmic (Fig-
ure 3C), limiting access of Nab2 to nuclear mRNA and nu-
clear ncRNA transcripts, which is reflected by the lack of
Nab2 binding to rRNA precursors below that of even con-
trol cells (Figure 3B, lane 9 versus12). These results indi-
cate that Nab2 is associated with ncRNA precursors, in-
cluding polyadenylated and aberrant rRNA precursors and
non-polyadenylated snoRNAs, in csl4-ph and enp1-1 cells
at 37◦C.

To further explore the link between rRNA synthesis and
the poly(A)-RNA and Nab2 localization phenotypes, con-
trol, csl4-ph and enp1-1 cells were treated with rapamycin.
Rapamycin was used here to limit production of pre-rRNAs
by RNA Pol I and Pol III, and the generation of ribo-
somal protein mRNAs by RNA Pol II (85). FISH analy-
sis showed that rapamycin treatment 15 min prior to the
temperature shift prevented the poly(A)-RNA accumula-
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Figure 3. rRNA and snoRNA species are polyadenylated in csl4-ph and enp1-1 mutants and polyadenylated pre-rRNAs associate with Nab2. (A) Total
RNA was extracted from control, csl4-ph, rrp6Δ, dis3-1, enp1-1, srm1-ts, and mex67-5 mutants after 90 min at 37◦C. Poly(A)-RNA species were enriched
from 770 �g of total RNA using oligo-dT and analyzed by northern blotting. Labeled oligonucleotide probes were used to detect indicated pre-rRNAs,
rRNA processing intermediates, mature rRNAs, ACT1 pre- and mature mRNAs, and snoRNAs (U14 and snR30). Probe numbers are listed beside each
image and sequences are provided in Supplementary Table S6. (B) RNA species co-isolating with affinity-purified Nab2-PrA in control, csl4-ph, enp1-1 and
srm1-ts cells after 90 min at 37◦C detected by northern blot analysis using indicated probes as in (A). Input material, flow through (FT), and Nab2 bound
(eluate) samples are included for comparison. In A and B, panels marked with a * in the upper right hand corner were obtained following an extended
exposure time. (C) Localization of plasmid expressed Nab2-GFP (pBM458) and Gar1-GFP (pBM547) compared to poly(A)-RNA detected by FISH in
control, csl4-ph, enp1-1, and srm1-ts cells after 90 min at 37◦C. Nucleus is shown in blue (DAPi), poly(A)-RNA in red, and the GFP-tagged fusion protein
in green. Scale bar = 2 �m.
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tion defect in both csl4-ph and enp1-1 strains (Supplemen-
tary Figure S5a). In contrast, rapamycin treatment did not
impact control cells or the mRNA export mutant mex67-5
based on the number of cells scored to have a poly(A)-RNA
accumulation phenotype. However, it was noted that the
intensity of the nuclear poly(A)-RNA mass was generally
lower in the mex67-5 strain, which may relate to the low-
ered levels of ribosomal protein mRNAs upon rapamycin
treatment (85). Under these conditions of rapamycin treat-
ment with no obvious detectable poly(A)-RNA accumula-
tion, Nab2-GFP localized throughout the nucleus in csl4-ph
and enp1-1 cells (Figure 4A). These observations are consis-
tent with rRNA synthesis being a required component of
both the poly(A)-RNA accumulation and nucleolar Nab2
sequestration phenotypes.

The purification of polyadenylated rRNA precursors
with the PABP Nab2 and requirement for ongoing rRNA
synthesis suggests that ncRNA polyadenylation could be
involved in promoting the phenotypes observed in csl4-
ph and enp1-1 cells. If this is the case, a prediction would
be that poly(A)-RNA accumulation and Nab2-GFP local-
ization to the poly(A)-RNA mass would be dependent on
TRAMP poly(A)-polymerase activity, which is responsible
for pre-rRNA and snoRNA polyadenylation (20,26,28). In-
deed, deletion of either of the genes encoding the TRAMP
associated non-canonical poly(A)-polymerases, TRF4 or
TRF5, resulted in a strong reduction in the level of poly(A)-
RNA detected in enp1-1 cells and distribution of Nab2-
GFP throughout the nucleus after 90 min at 37◦C (Figure
4B). In the case of csl4-ph, double mutants with trf4Δ were
not obtained, but csl4-ph/trf5Δ mutants similarly accumu-
lated less poly(A)-RNA and showed a nuclear Nab2-GFP
localization pattern (Figure 4B). Importantly, reintroduc-
tion of Trf4-GFP or Trf5-GFP in to trf4Δ or trf5Δ mu-
tant strains resulted in poly(A)-RNA accumulation pheno-
types (Supplementary Figure S5b). These findings indicate
that polyadenylation by the TRAMP complex is required
for both the poly(A)-RNA accumulation and Nab2-GFP
nucleolar localization phenotypes observed in csl4-ph and
enp1-1 cells.

Nab2 interactome includes ribosome biogenesis factors in
csl4-ph and enp1-1 mutants

The observed nucleolar localization of Nab2 and increased
association of Nab2 with ncRNAs suggests that Nab2 is en-
gaged with a different set of nuclear machineries in csl4-ph
and enp1-1 strains. To characterize Nab2 associated pro-
teins, affinity-purification mass spectrometry (AP-MS) was
used to identify proteins enriched with Nab2-PrA purified
from csl4-ph and enp1-1 strains after 90 min at 37◦C. As ex-
pected, AP-MS data from control samples revealed Nab2
interactions with proteins involved in nuclear mRNA pro-
cessing, including proteins of the nuclear pore complex and
mRNA export pathway (Supplementary Table S2 and S3).
Nab2 isolated from csl4-ph cells retained most interactions
compared to control cells, but also showed increased in-
teractions with proteins involved in ribosome biogenesis
(e.g. pre-40S and pre-60S) and ncRNA processing, includ-
ing components of the NNS (e.g. Nab3, Nrd1, and Sen1)
and TRAMP (e.g. Mtr4 and Trf4) complexes (Figure 5 and

Supplementary Table S2 and S3). In enp1-1 cells, Nab2 in-
teractome changes were even more pronounced; in particu-
lar, interactions with proteins of the nuclear pore complex
and mRNA export pathway were lost, while interactions
with ncRNA processing and ribosome biogenesis compo-
nents were dominant. For example, Nab2 co-purified with
the majority of the proteins of the small subunit (SSU)
processome, which was also observed in csl4-ph, as well as
components of H/ACA-type snoRNPs (e.g. Cbf5, Gar1p,
Nhp2 and Nop10) that were unique to enp1-1 cells.

Nab2 also showed repeatable differential interactions
with subunits of the TRAMP complex in enp1-1 (Mtr4,
Trf5, and Air1) and csl4-ph (Mtr4, Trf4, and Air2) mutants
(Supplementary Table S2 and S3). These differences may
reflect the recently demonstrated role of the TRAMP5-1
complex (Trf5/Air1/Mtr4), in pre-rRNA degradation (86),
as well as, a preference for performing surveillance of pre-
40S rRNAs over pre-60S components and other ncRNAs
and mRNAs (26,29,86). Finally, in srm1-ts cells, Nab2 in-
teractions with the mRNA processing machinery and NPCs
were generally reduced (Supplementary Table S3). A ro-
bust interaction was observed between Nab2 and Kap104,
the karyopherin responsible for Nab2 nuclear import (87),
which is consistent with a block in the nuclear import of
Nab2-GFP in srm1-ts cells (Figure 3C). Overall, these data
demonstrate a reorganization of the nuclear Nab2 protein
interaction network in enp1-1 and csl4-ph cells to include
ribosomal processing pathways and other components in-
volved in rRNA and snoRNA biogenesis that is consistent
with Nab2 binding ncRNAs within the nucleolus.

Excess poly(A)-RNA alters nuclear RNA homeostasis and
cellular fitness

Our accumulated data suggests a model in which loss of
Enp1 leads to the stabilization of aberrant pre-rRNAs that
bind Nab2 and promote further errors in RNA biogene-
sis (i.e. accumulation of mRNAs and pervasive transcripts)
due to limited RBP availability. These disruptions to nucle-
olar pre-rRNA (enp1-1) and mRNA (e.g. Nab2 sequestra-
tion) processing appear to act in conjunction, producing an
excess of substrates that overwhelms the nuclear RNA ex-
osome. This model is supported by the finding that enp1-
1 cells exhibit a terminal phenotype similar to that ob-
served in RNA exosome mutants (e.g. stabilized pervasive
transcripts and snoRNA processing defects, see Figure 1B,
Supplementary Figure S1, and Figure 2A, B). In such a
scenario, the overexpression of Nab2 in enp1-1 cells may
buffer against excess nuclear poly(A)-RNA, disrupt this
positive-feedback loop, and limit the development of RNA
exosome-like phenotypes. To test this prediction, Nab2 was
overexpressed exogenously from an inducible promoter to
provide excess PABP activity. After 90 min at 37◦C, over-
expression of Nab2-GFP prevented the development of a
poly(A)-RNA accumulation phenotype in enp1-1 cells, but
did not alter the phenotype of csl4-ph (Figure 6A). In con-
trast, cells that overexpressed GFP-Yra1, a non-poly(A)-
binding RBP also recruited to the poly(A)-RNA mass in
csl4-ph and enp1-1 strains, or cells that carried an empty vec-
tor, retained the poly(A)-RNA accumulation phenotype in
both mutant backgrounds (Figure 6B, C). These results are



Nucleic Acids Research, 2020, Vol. 48, No. 20 11685

Figure 4. Poly(A)-RNA accumulation and Nab2 localization phenotypes are influenced by rRNA synthesis and TRAMP-dependent polyadenylation. (A)
FISH image showing localization of poly(A)-RNA (red) and Nab2-GFP (green, expressed from the endogenous NAB2 locus) in control, csl4-ph, enp1-1
strains 90 min at 37◦C without (top, DMSO control) and with addition of rapamycin (bottom, 100 ng/ml rapamycin) 15 min prior to temperatures shift
compared to DAPi (blue). (B) FISH image showing localization poly(A)-RNA (red) and Nab2-GFP (green, expressed from the endogenous NAB2 locus)
in enp1-1 with a trf4Δ or trf5Δ deletion or csl4-ph with a trf5Δ deletion after 90 min at 37◦C as compared to DAPi (blue). Scale bars = 2 �m.
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Figure 5. Nab2 protein interactions are altered in csh4-ph and enp1-1 cells. Nab2-PrA associated proteins identified by AP-MS from control, csl4-ph,
and enp1-1 cells after 90 min at 37◦C. Proteins were included if identified in at least one of the tested strains as a high confidence interaction (i.e., at least
five exclusive spectrum counts (ESC) in two biological replicates). Each protein is presented as a colored shape, with the color indicating an associated
biological process (see legend). Shapes are defined as follows: • indicates a protein matching the defined high confidence criteria in both samples being
compared; � indicates a protein that was identified in both samples, but did not meet the high-confidence criteria in one of the samples being compared;
� indicates a protein identified in both samples, but at a level that is below the high-confidence criteria for both samples being compared; � indicates a
protein identified in only one of the samples with high confidence; � indicates a protein identified in only one of the samples at a level below the defined
criteria. Due to the inability to calculate a log2(FC) in the cases where no peptides were identified (� and �), these data points are located to the extremes
of the graph to indicate the fold change is >10 or ←10.
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Figure 6. Poly(A)-RNA accumulation is decreased, but Nab2-ncRNA associations persist in an enp1-1 strain overexpressing Pab1. (A) FISH image
showing localization of poly(A)-RNA (red) in control, csl4-ph, enp1-1, and mex67-5 strains with or without overexpression of Nab2-GFP (green) with
respect to DAPi (blue) after incubation at 37◦C for 90 min. Nab2-GFP expression was induced by removal of methionine from the growth media for 2
h prior to temperature shift. Scale bar = 2 �m. (B–D) FISH image showing localization of poly(A)-RNA (red) in control, csl4-ph, enp1-1, and mex67-5
strains overexpressing Yra1-GFP (pBM763) or Pab1-GFP (pBM766) in green from a 2�-plasmid versus the empty plasmid control (pBM005) with respect
to DAPi (blue) after incubation at 37◦C for 90 min. In panel D, the arrowhead denotes a cell with low Pab1-GFP expression that also shows a poly(A)-RNA
accumulation phenotype. Scale bars = 2 �m. (E) Northern blots showing total RNA, poly(A)-RNA, and RNA species co-isolating with affinity-purified
Nab2-PrA extracted from control, csl4-ph, enp1-1, and srm1-ts cells overexpressing Pab1 (pBM874) from a 2�-plasmid versus an empty vector control
(pBM007) after 90 min at 37◦C. For the Nab2-PrA associated material, input material, flow through (FT), and Nab2 bound (eluate) samples are included
for comparison. Probe numbers are listed beside each image and sequences are provided in Supplementary Table S6. Panels marked with a * in the upper
right hand corner were obtained following an extended exposure time.
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consistent with the proposed model suggesting that limited
Nab2 activity is central to the development of a poly(A)-
RNA phenotype in an enp1-1 mutant.

Notably, it has been reported that the essential functions
of Nab2 can be met when Pab1, another PABP, is over-
expressed (47). In line with this, overexpression of Pab1-
GFP from a 2�-plasmid (high copy plasmid) was similarly
able to rescue the poly(A)-RNA accumulation phenotype in
enp1-1 (Figure 6D; note that Pab1-GFP expression is vari-
able between cells using the 2�-plasmid system and cells
with low/no expression retain the poly(A)-RNA accumu-
lation phenotype as indicated in the figure panel). Overex-
pression of Pab1-GFP did not alter phenotypes in csl4-ph or
the mRNA export mutant mex67-5, nor did the localization
of Pab1-GFP obviously change in any of the tested strains.
The ability of Pab1-GFP overexpression to rescue enp1-1
phenotypes could be the result of Pab1 replacing Nab2 on
polyadenylated RNAs that accumulate in this mutant or
Pab1 fulfilling Nab2 cellular functions. To address the pos-
sibility that Pab1-GFP is displacing Nab2 from ncRNAs,
northern analyses were again performed on RNA samples
from Nab2-PrA affinity-purifications, as well as total and
oligo-dT purified RNA, from cells shifted to 37◦C for 90
min (Figure 6E). These data show that Pab1-GFP overex-
pression does not alter global rRNA processing in control
cells or change the observed rRNA processing defects in any
of the tested mutants, nor significantly decrease the interac-
tion of Nab2 with pre-rRNAs in the enp1-1 mutant. These
data suggest that Pab1-GFP is suppressing enp1-1 pheno-
types by fulfilling Nab2-dependent PABP functions.

To investigate the effect of Pab1-GFP overexpression
on nuclear RNA biogenesis, RNA-seq analyses were per-
formed on RNA isolated from control, enp1-1, and csl4-ph
strains overexpressing Pab1-GFP or carrying an empty vec-
tor control after 90 min at 37◦C. Under conditions of ex-
cess Pab1-GFP, enp1-1 cells had lower levels of pervasive
transcripts and class I-III mRNAs (Figure 7A). In contrast,
overexpression of Pab1-GFP had little impact on the levels
of pervasive transcripts or mRNAs in csl4-ph cells. Pab1-
GFP overexpression also reduced snoRNA processing de-
fects as evidenced by a reduction in polyadenylated snoR-
NAs in enp1-1 and csl4-ph strains (Figure 7B). These find-
ings indicate that excess PABP activity is able to buffer the
impact of an enp1-1 mutation on global RNA processing
and surveillance pathways.

Finally, if excess poly(A)-RNA is detrimental to cells and
a catalyst of the phenotypes observed in enp1-1 and csl4-ph
mutants, it may be expected that excess PABP activity could
improve the fitness of these strains at a semi-permissive tem-
perature. Indeed, overexpression of Pab1-GFP improved
the growth of both enp1-1 and csl4-ph strains at 32◦C, while
having no impact on control or mex67-5 cells (Figure 7C).
Together these data strongly argue that limited PABP ac-
tivity in response to alterations in pre-rRNA processing or
changes in nuclear RNA surveillance impacts cellular fit-
ness by disrupting nuclear RNA homeostasis.

DISCUSSION

RNA processing is mediated by specific RNA binding pro-
teins (RBPs), some of which have been identified to interact

with several different classes of RNAs, whose levels need to
be sufficient to ensure continued RNA metabolism (42,43).
The findings reported here provide evidence that perturba-
tion of RBP availability or activity (e.g. alterations in RNA
surveillance, pre-rRNA processing, or nucleocytoplasmic
transport) promotes a common global breakdown in nu-
clear RNA metabolism. For instance, the srm1-ts mutant
appears to disrupt nuclear RNA homeostasis through lim-
iting levels of RBPs in the nucleus, such as Nab2, TRAMP,
and NNS complex subunits. In the case of enp1-1, specific
defects in nucleolar rRNA processing result in excess of
aberrant, including polyadenylated, pre-rRNAs that lead
to sequestration of Nab2 and other RBPs in the nucleo-
lus. In both scenarios, although the genetic lesion impacts
functionally distinct pathways, it is the subsequent change
in RBP availability that causes failures in RNA process-
ing. These failures drive cells towards a set of shared ter-
minal phenotypes, including a common cellular transcrip-
tome defined by stabilized pervasive transcripts, aberrant
pre-rRNAs, snoRNAs and the accumulation of nucleolar
polyadenylated RNA.

PABPs and transcript specificity

Polyadenylation in eukaryotes has long been associated
with mRNA processing leading to export, translation, and
transcript stability (88–90), which is, in part, mediated by
the PABPs that associate with the poly(A)-tail (91–94). Over
time it has become clear that polyadenylation also occurs
on ncRNAs, including rRNAs, sno/snRNAs, and pervasive
transcripts, often directing their processing or decay by the
RNA exosome (88,95). However, this raises the general is-
sue of specificity, i.e. how is a poly(A)-tail on an mRNA dis-
tinguished from one on a ncRNA in order to direct differing
outcomes. Context is likely very important, with events up-
stream of polyadenylation leading to specific RNP architec-
tures (e.g. protein constituents), that when combined with
other features such as transcript length, the polymerase in-
volved and polyadenylation machinery used, would lead to
differing outcomes. For example, transcript specificity was
recently observed for different subsets of the TRAMP com-
plex where binding specificity was conferred by the non-
canonical poly(A) polymerases Trf4 and Trf5 (86). This sup-
ports the idea that the fate of a polyadenylated RNA may
be influenced by the affinity it has for processing factors and
vice versa. However, it is conceivable that this fate is also im-
pacted by the sub-nuclear localization of a transcript, local
RBP availability, and the overall kinetics of the processes
involved (e.g. export versus nuclear decay). In the case of
rRNA processing, it is likely the short and transient nature
of poly(A)-tails added to pre-rRNA transcripts that is key
to minimizing, or even preventing, their interaction with nu-
clear PABPs (20). However, given the extremely high level of
rRNA production, stabilization of poly(A)-tracts on aber-
rant pre-rRNAs would be expected to have a strong influ-
ence on PABP availability, which may be well exemplified
here by the phenotypes of an enp1-1 mutant.

Under physiological conditions, regulated changes in
RBP availability via stress-induced pathways are known to
alter gene expression. For example, during heat shock Nab2
is phosphorylated and localized to nuclear foci, suggesting
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Figure 7. Excess PABP activity suppresses secondary enp1-1 phenotypes. (A) Cumulative distribution plots of log2(FC) values for the indicated classes of
transcripts observed for control (black lines), csl4-ph (blue lines), and enp1-1 (green lines) strains overexpressing Pab1-GFP from a 2�-plasmid (pBM766,
dashed lines) versus an empty vector control (pBM005, solid line). (B) Metagene analysis showing average read density across snoRNA genes in control
(black lines), csl4-ph (blue lines), and enp1-1 (green lines) strains overexpressing Pab1-GFP from a 2�-plasmid (pBM766, dashed lines) versus an empty
vector control (pBM005, solid line) with respect to the transcription start site (TSS) and transcription end site (TES). Data are presented as RPKM, reads
per kilo base per million mapped reads, to normalize for gene length and library size. For both A and B, values were calculated using read data from
three biological replicates as compared to the control strain with the empty plasmid as measured by 3′-TAG-RNA-seq. (C) Relative maximum growth rate
of control, csl4-ph, enp1-1, and mex67-5 strains in liquid culture when overexpressing Pab1-GFP (pBM766) from a 2�-plasmid at 32◦C as compared to
the same strains carrying an empty vector (pBM005). P-values for control versus csl4-ph (P = 0.0070, t = 5.091, and df = 4), control versus enp1-1 (P =
0.0009, t = 8.760, and df = 4), and control versus mex67-5 (P = 0.5593, t = 0.6360, and df = 4) were calculated from an unpaired t-test with a two-tailed
distribution from three biological replicates.

that heat shock induces changes in Nab2 availability to al-
ter mRNA export (96). In a similar way, it could be an-
ticipated that a change in cellular state that causes alter-
ations in mRNA or ncRNA processing would also feedback
to impact genome-wide RNA maturation events through
RBP availability. In agreement with this notion, recent work
showed that stabilization of pervasive transcripts, such as
CUTs in rrp6Δ cells, results in the sequestration of Nab3
and Nrd1 on these transcripts and titration of these RBPs

away from other RNA substrates resulting in genome-wide
transcription termination defects due to limited NNS avail-
ability (97). Similarly, it was proposed that the accumulation
of Nab2 on mRNAs upon nuclear export failure prevents its
recycling to newly generated RNA molecules, which leaves
nascent transcripts vulnerable to nuclear decay (44,45). Our
work shows that an excess of aberrant pre-rRNAs can lead
to a nucleolar sequestration of RBPs away from their cus-
tomary nuclear RNA substrates resulting in a global imbal-
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ance of RNA processing despite the presence of an intact
surveillance system.

Our observations highlight the need for cells to maintain
poly(A)-RNA levels in balance with PABPs and associated
components across nuclear and nucleolar RNA machiner-
ies. Yet these data also demonstrates a mutable substrate
specificity for some elements of the RNA processing ma-
chineries, in this case Nab2, across distinct RNA pathways
and sub-nuclear regions. Recently, PAR-CLIP was used to
establish transcriptome-wide binding maps for both RNA
degradation and processing factors in yeast to determine
their binding specificities for different classes of RNAs (43).
While these factors may indeed have preferential binding
for specific RNA classes under stable growth conditions, a
certain degree of substrate flexibility and network plastic-
ity seems to exist in order to maintain RNA homeostasis
and, ideally, to counteract consequences of gene expression
changes in response to intra- and extracellular cues or dis-
turbances. However, as observed in the enp1-1 strain, pro-
teins not considered shared between RNA classes under
normal conditions can show substrate mutability under cer-
tain circumstances with detrimental consequences for cells.
Hence, a better understanding of the spatial and tempo-
ral regulation of polyadenylation and poly(A)-RNA bind-
ing by the various PABPs will be required to decipher how
crosstalk between RNA processing and degradation ma-
chineries is regulated to modulate RNA homeostasis, with-
out inciting scenarios where RBP-RNA interactions drive
positive feed forward loops leading to lethal terminal phe-
notypes.

Enp1 and nuclear RNA homeostasis

Enp1 is a 40S ribosome biogenesis factor, one of few that
is already present in the 90S complex and remains associ-
ated until late pre-40S biogenesis in the cytoplasm (50,51).
It binds to the 3′end minor domain of the pre-18S rRNA,
close to site D in the Internal Transcribed Spacer 1 (ITS1),
where, together with Ltv1 and Tsr1, it coordinates stabiliza-
tion of the pre-40S ribosomal beak structure in its imma-
ture conformation, facilitates repositioning of Rps3 (uS3),
and late integration of Rps10 (eS10) (52–54,98). Due to
its placement on the pre-40S subunit, it has also been sug-
gested to play a role in the maturation of helix (h) 34 and
the h34–h35–h38 three-way junction, which contain a cen-
tral element in the formation of the A-site decoding cen-
ter (h33/34), key residues for mRNA binding (h29–h32)
and accommodation of anticodon-arms for all three tR-
NAs (h38-h42) (53,98,99). Loss of Enp1 results in early and
late pre-rRNA processing and assembly defects causing ac-
cumulation of stalled 90S, pre-40S, and pre-60S ribosomes
and their aberrant rRNA precursors, several of which be-
come polyadenylated. However, here we show that instead
of being degraded by the RNA exosome, which is functional
in enp1-1 cells, aberrant pre-rRNA precursors are bound by
Nab2.

Out of more than 20 ribosome biogenesis mutants previ-
ously tested for a poly(A)-RNA accumulation defects (35),
enp1-1 was the only one in which a poly(A)-RNA accu-
mulation phenotype was observed; however, many other ri-
bosome biogenesis mutants are known to accumulate pre-

rRNAs (99,100). This suggests that the phenotypes ob-
served in enp1-1 cells are linked to specific Enp1 functions
in ribosome maturation, in particular, late pre-40S ribo-
somes, since 23S, 21S/20S and 17S (but not 27SA/B) are
polyadenylated and predominately enriched with Nab2 in
enp1-1 mutants. One possibility is that the absence of Enp1
leads to aberrant pre-rRNP conformations that cannot be
efficiently degraded by the RNA exosome. The resulting
pool of aberrant pre-rRNAs would engage and inhibit the
RNA exosome, in turn leading to an accumulation of mR-
NAs, ncRNAs, and pervasive transcripts with Nab2 and
other RBPs in the nucleolus that would normally be acted
upon by the RNA exosome. Alternatively, defects in pre-
rRNA processing caused by enp1-1 may allow for Nab2
binding, which subsequently protects the pre-rRNAs from
the RNA exosome complex and leads to Nab2 sequestra-
tion. This latter model would suggest an active role for Nab2
in RNA exosome inhibition through pre-rRNA binding.

Current structure-function and RNA-binding data in-
dicate that Nab2 has a strong preference for polyadenine
sequences (42,101), indicating that Nab2 recruitment to
polyadenylated pre-rRNAs could initiate enp1-1 pheno-
types. However, Nab2 association with non-polyadenine
sequences in the middle of mRNA transcripts has also
been demonstrated (42,102), raising the possibility that
Nab2 may as well bind other regions of pre-rRNAs and
other RNAs. While 23S-containing pre-40S complexes are
densely covered in protein (103), high-throughput rRNA
structure probing (ChemModSeq) revealed that pre-40S
particles containing Enp1 harbor a 3′ major domain (cor-
responding to the beak and platform domains of the small
ribosomal subunit) with a higher degree of flexibility (104).
Moreover, the three-way junction formed by rRNA helixes
h34, h35 and h38 at the base of the head was shown to
exist in an immature ‘open’ conformation (98,105). Thus
it is conceivable that in the absence of functional Enp1
these open and flexible regions become stabilized, enabling
cleavage of 23S at site Q1 (located within the central do-
main of the pre-18S rRNA) to generate aberrant 17S pre-
cursor (which are polyadenylated; Figure 4A) (26), but
also leave rRNA regions exposed to binding of PABPs.
We can therefore not rule out that Nab2 may also bind
to non-polyadenylated regions of aberrant pre-rRNAs in
these stalled complexes. Moreover, the majority of Nab2-
associated U14 and snR30 snoRNAs were not polyadeny-
lated, but whether this interaction occurs via Nab2 binding
directly to the snoRNA or Nab2 and snoRNAs both asso-
ciating with ribosome processing intermediates remains to
be determined.

In either of these scenarios, the outcome is a build-up
of nuclear and nucleolar mRNA and ncRNA containing
RNPs in enp1-1 cells that sequester RBPs as a result of
the inability of the RNA exosome to process pre-rRNAs.
The resulting excess of surveillance substrates is expected
to inhibit RNA exosome functions leading to terminal phe-
notypes (e.g. snoRNA polyadenylation and pervasive tran-
script stabilization) that are similar to what is observed in
RNA exosome mutants. A model that is supported by the
correlated changes in the cellular transcriptome of enp1-
1, csl4-ph and dis3-1 strains involving mRNAs, pervasive
transcripts and ncRNAs. Interestingly, a recent study in ag-
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ing yeast cells also showed that an increase in pre-rRNA
levels in the nucleolus fueled by the accumulation of extra-
chromosomal rDNA resulted in a loss of nuclear homeosta-
sis (106); however, the polyadenylation status of these pre-
rRNAs or localization of PABPs were not investigated un-
der these conditions.

Nuclear RNA homeostasis and disease

This work provides insight into potential interconnections
between ncRNA processing, mRNA expression, and over-
all nuclear homeostasis. Speculatively, this type of mecha-
nism may provide cells with a way to coordinate changes in
mRNA and ncRNA transcript processing during periods
that require rapid changes in gene expression (e.g. stress).
Broadly, it is expected that investigating such concepts in
Saccharomyces cerevisiae and other systems will aid our un-
derstanding of how mutations in essential RNA process-
ing factors result in human disease. For example, muta-
tions in the RNA exosome genes EXOSC3, EXOSC8 and
EXOSC2 (RRP40, RRP43 and RRP4 in S. cerevisiae) or
RNA exosome cofactors are known to cause tissue-specific
diseases of varying phenotypes (107–110). Similarly, muta-
tions in the PABP ZC3H14, a Nab2 ortholog, are associated
with inherited intellectual disability (111). How mutations
in these RNA surveillance and processing factors result in
these particular diseases is not known. Various neurodegen-
erative diseases are also linked to altered RNA metabolism
events, which in some instances have been shown to include
the improper localization of RBPs (112,113). In addition,
viral pathogens have more recently been found to modulate
RNA exosome and RNA decay activities to both promote
their own growth and evade host defense (114,115). Con-
sequently, the phenotypes and molecular mechanisms ob-
served in this work involving redistribution of PABPs, and
RBPs more generally, may provide a rationale for further
studies aimed at probing the molecular mechanisms at play
in these and other disease states.
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33. Leporé,N. and Lafontaine,D.L.J. (2011) A functional interface at
the rDNA connects rRNA synthesis, pre-rRNA processing and
nucleolar surveillance in budding yeast. PLoS One, 6, e24962.

34. Grzechnik,P. and Kufel,J. (2008) Polyadenylation linked to
transcription termination directs the processing of snoRNA
precursors in yeast. Mol. Cell, 32, 247–258.

35. Paul,B. and Montpetit,B. (2016) Altered RNA processing and
export lead to retention of mRNAs near transcription sites and
nuclear pore complexes or within the nucleolus. Mol. Biol. Cell, 27,
2742–2756.

36. Davis,C.A. and Ares,M. (2006) Accumulation of unstable
promoter-associated transcripts upon loss of the nuclear exosome
subunit Rrp6p in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA, 103, 3262–3267.

37. Schulz,D., Schwalb,B., Kiesel,A., Baejen,C., Torkler,P., Gagneur,J.,
Soeding,J. and Cramer,P. (2013) Transcriptome surveillance by
selective termination of noncoding RNA synthesis. Cell, 155,
1075–1087.

38. Van Dijk,E.L., Chen,C.L., Daubenton-Carafa,Y., Gourvennec,S.,
Kwapisz,M., Roche,V., Bertrand,C., Silvain,M., Legoix-Ne,P.,
Loeillet,S. et al. (2011) XUTs are a class of Xrn1-sensitive antisense
regulatory non-coding RNA in yeast. Nature, 475, 114–119.

39. Thiebaut,M., Kisseleva-Romanova,E., Rougemaille,M., Boulay,J.
and Libri,D. (2006) Transcription termination and nuclear
degradation of cryptic unstable transcripts: a role for the nrd1-nab3
pathway in genome surveillance. Mol. Cell, 23, 853–864.

40. Arigo,J.T., Eyler,D.E., Carroll,K.L. and Corden,J.L. (2006)
Termination of cryptic unstable transcripts is directed by yeast
RNA-binding proteins Nrd1 and Nab3. Mol. Cell, 23, 841–851.

41. Marquardt,S., Hazelbaker,D.Z. and Buratowski,S. (2011) Distinct
RNA degradation pathways and 3′ extensions of yeast non-coding
RNA species. Transcription, 2, 145–154.

42. Tuck,A.C. and Tollervey,D. (2013) A transcriptome-wide atlas of
RNP composition reveals diverse classes of mRNAs and lncRNAs.
Cell, 154, 996–1009.

43. Sohrabi-Jahromi,S., Hofmann,K.B., Boltendahl,A., Roth,C.,
Gressel,S., Baejen,C., Soeding,J. and Cramer,P. (2019)
Transcriptome maps of general eukaryotic RNA degradation
factors. Elife, 8, e47040.

44. Tudek,A., Schmid,M., Makaras,M., Barrass,J.D., Beggs,J.D. and
Jensen,T.H. (2018) A nuclear export block triggers the decay of
newly synthesized polyadenylated RNA. Cell Rep., 24, 2457–2467.

45. Schmid,M., Olszewski,P., Pelechano,V., Gupta,I., Steinmetz,L.M.
and Jensen,T.H. (2015) The nuclear PolyA-binding protein Nab2p is
essential for mRNA production. Cell Rep., 12, 128–139.

46. Green,D.M., Marfatia,K.A., Crafton,E.B., Zhang,X., Cheng,X. and
Corbett,A.H. (2002) Nab2p is required for poly(A) RNA export in
Saccharomyces cerevisiae and is regulated by arginine methylation
via Hmt1p. J. Biol. Chem., 277, 7752–7760.

47. Hector,R.E., Nykamp,K.R., Dheur,S., Anderson,J.T., Non,P.J.,
Urbinati,C.R., Wilson,S.M., Minvielle-Sebastia,L. and
Swanson,M.S. (2002) Dual requirement for yeast hnRNP Nab2p in
mRNA poly(A) tail length control and nuclear export. Embo J, 21,
1800–1810.

48. Dheur,S., Nykamp,K.R., Viphakone,N., Swanson,M.S. and
Minvielle-Sebastia,L. (2005) Yeast mRNA poly(A) tail length
control can be reconstituted in vitro in the absence of
Pab1p-dependent poly(A) nuclease activity. J. Biol. Chem., 280,
24532–24538.

49. Reuter,L.M., Meinel,D.M. and Sträßer,K. (2015) The
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and Hurt,E. (2006) Hrr25-dependent phosphorylation state
regulates organization of the pre-40S subunit. Nature, 441, 651–655.

53. Heuer,A., Thomson,E., Schmidt,C., Berninghausen,O., Becker,T.,
Hurt,E. and Beckmann,R. (2017) Cryo-EM structure of a late
pre-40S ribosomal subunit from Saccharomyces cerevisiae. Elife, 6,
e30189.

54. Johnson,M.C., Ghalei,H., Doxtader,K.A., Karbstein,K. and
Stroupe,M.E. (2017) Structural heterogeneity in pre-40S ribosomes.
Structure, 25, 329–340.

55. Amberg,D.C., Fleischmann,M., Stagljar,I., Cole,C.N. and Aebi,M.
(1993) Nuclear PRP20 protein is required for mRNA export. Embo
J, 12, 233–241.



Nucleic Acids Research, 2020, Vol. 48, No. 20 11693

56. Gietz,R.D. and Woods,R.A. (2002) Transformation of yeast by
lithium acetate/single-stranded carrier DNA/polyethylene glycol
method. Methods Enzymol., 350, 87–96.

57. Oeffinger,M., Wei,K.E., Rogers,R., DeGrasse,J.A., Chait,B.T.,
Aitchison,J.D. and Rout,M.P. (2007) Comprehensive analysis of
diverse ribonucleoprotein complexes. Nat. Methods, 4, 951–956.

58. Schindelin,J., Arganda-Carreras,I., Frise,E., Kaynig,V., Longair,M.,
Pietzsch,T., Preibisch,S., Rueden,C., Saalfeld,S., Schmid,B. et al.
(2012) Fiji: an open-source platform for biological-image analysis.
Nat. Methods, 9, 676–682.

59. Trahan,C. and Oeffinger,M. (2016) Targeted cross-linking-mass
spectrometry determines vicinal interactomes within heterogeneous
RNP complexes. Nucleic Acids Res., 44, 1354–1369.

60. Scott,D.D., Trahan,C., Zindy,P.J., Aguilar,L.C., Delubac,M.Y., Van
Nostrand,E.L., Adivarahan,S., Wei,K.E., Yeo,G.W., Zenklusen,D.
et al. (2017) Nol12 is a multifunctional RNA binding protein at the
nexus of RNA and DNA metabolism. Nucleic Acids Res., 45,
12509–12528.

61. Patro,R., Duggal,G., Love,M.I., Irizarry,R.A. and Kingsford,C.
(2017) Salmon provides fast and bias-aware quantification of
transcript expression. Nat. Methods, 14, 417–419.

62. Ellison,M.A., Lederer,A.R., Warner,M.H., Mavrich,T.N.,
Raupach,E.A., Heisler,L.E., Nislow,C., Lee,M.T. and Arndt,K.M.
(2019) The Paf1 complex broadly impacts the transcriptome of
Saccharomyces cerevisiae. Genetics, 212, 711–728.

63. Quinlan,A.R. (2014) BEDTools: The Swiss-Army tool for genome
feature analysis. Curr. Protoc. Bioinforma., 47,
doi:10.1002/0471250953.bi1112s47.

64. Bolger,A.M., Lohse,M. and Usadel,B. (2014) Trimmomatic: a
flexible trimmer for Illumina sequence data. Bioinformatics, 30,
2114–2120.

65. Soneson,C., Love,M.I. and Robinson,M.D. (2015) Differential
analyses for RNA-seq: transcript-level estimates improve gene-level
inferences. F1000Research, 4, 1521.

66. Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol., 15, 550.

67. Kim,D., Paggi,J.M., Park,C., Bennett,C. and Salzberg,S.L. (2019)
Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat. Biotechnol., 37, 907–915.

68. Li,H., Handsaker,B., Wysoker,A., Fennell,T., Ruan,J., Homer,N.,
Marth,G., Abecasis,G., Durbin,R. and 1000 Genome Project Data
Processing Subgroup (2009) The Sequence Alignment/Map format
and SAMtools. Bioinformatics, 25, 2078–2079.

69. Ramı́rez,F., Dündar,F., Diehl,S., Grüning,B.A. and Manke,T.
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