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ABSTRACT

Uridylation-dependent RNA decay is a widespread
eukaryotic pathway modulating RNA homeostasis.
Terminal uridylyltransferases (Tutases) add untem-
plated uridyl residues to RNA 3’-ends, marking
them for degradation by the U-specific exonuclease
Dis3L2. In Schizosaccharomyces pombe, Cid1 uridy-
lates a variety of RNAs. In this study, we investigate
the prevalence and impact of uridylation-dependent
RNA decay in S. pombe by transcriptionally profil-
ing cid1 and dis3L2 deletion strains. We found that
the exonuclease Dis3L2 represents a bottleneck in
uridylation-dependent mRNA decay, whereas Cid1
plays a redundant role that can be complemented
by other Tutases. Deletion of dis3L2 elicits a cellular
stress response, upregulating transcription of genes
involved in protein folding and degradation. Mis-
folded proteins accumulate in both deletion strains,
yet only trigger a strong stress response in dis3L2
deficient cells. While a deletion of cid1 increases
sensitivity to protein misfolding stress, a dis3L2
deletion showed no increased sensitivity or was
even protective. We furthermore show that uridylyl-
and adenylyltransferases cooperate to generate a 5'-
NxAUUAAAA-3' RNA motif on dak2 mRNA. Our stud-
ies elucidate the role of uridylation-dependent RNA
decay as part of a global mRNA surveillance, and we
found that perturbation of this pathway leads to the
accumulation of misfolded proteins and elicits cellu-
lar stress responses.

INTRODUCTION

RNA synthesis and degradation are regulated through a va-
riety of mechanisms that amend the transcriptome to match
cellular needs throughout the cell cycle and adaptation
to environmental changes (1). Messenger RNA (mRNA)
degradation can proceed by two general pathways, in either
a -3 or 3’-5' direction, catalyzed by exonucleases or the ex-
osome complex, respectively. These canonical RNA degra-
dation processes usually commence with an initial deadeny-
lation step, followed by decapping by Dcp-1/Dcp-2 and the
Lsm1-7 complex. Decapped mRNA is subsequently acces-
sible to 5'-3" decay catalyzed by the exonuclease Xrnl, while
exosome-catalyzed 3’-5- degradation does not require de-
capping (2). Recently, a second deadenylation-independent
pathway of mRNA decay was discovered and appears to
be conserved in many eukaryotes. Here, uridylation of
polyadenylated mRNAs recruits the Lsm1-7 complex and
subsequently leads to mRNA degradation by designated ex-
onucleases (2). This template-independent addition of nu-
cleotides is catalyzed by terminal RNA nucleotidyltrans-
ferases (TENTS), a subfamily of the polymerase beta super-
family of nucleotidyltransferases (3). TENTs add ribonu-
cleoside monophosphates to an RNA substrate through
a catalytic process involving two metal ion cofactors (3).
Of note, non-templated 3’-end uridylation of a variety of
RNA species plays key roles in eukaryotic RNA processing
pathways including mRNA and pre-miRNA degradation,
pre-miRNA maturation, and miRNA silencing (4-6). RNA
uridylation is catalyzed by terminal uridylyltransferases
(Tutases), and polyuridylated RNAs are subsequently de-
graded by the U-specific exonuclease Dis3L.2 (6-8). While
uridylation and deadenylation-dependent RNA decay show
some redundancy, uridylation is conserved in many differ-
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Figure 1. Domain structure and amino acid composition of Cidl and
Dis3L2. (A) Amino acid sequence alignment adapted from (18). Enzymes
known to exercise Tutase activity encode a histidine residue (His336 in
Cidl, highlighted in yellow), that sterically hinders the larger ATP from
entering the active site. Adenylyltransferases (PAPs) do not encode the re-
spective histidine residue. Nucleotide preference for S. pombe Cid11 and
Cid16 is undetermined, though Cid16 likely prefers UTP. (B) Dis3L2 dis-
plays a typical RNase II domain organisation, encoding two cold shock
domains (CSD), an exonucleolytic ribonuclease domain (RNB), and a
nonspecific RNA binding domain (S1). Cid1 is composed of a nucleotidyl-
transferase domain (NTD) and a poly(A) polymerase-associated domain
(PAP).
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ent species indicating that it is important for RNA turnover
(9-11).

Fission yeast Cidl (caffeine-induced death suppressor
protein 1) was first discovered in a genetic screen identifying
components of the S-M cell cycle checkpoint in Schizosac-
charomyces pombe (12). Although S. pombe Acidl strains
are viable, they are sensitive to a combination of hydrox-
yurea, a ribonucleotide reductase inhibitor, and caffeine,
which overrides the S-M checkpoint and induces mitosis.
Overexpression of Cidl confers resistance to this combina-
tion of stressors (12). Cidl was originally thought to be a
poly(A) polymerase due to its significant in vitro poly(A)
polymerase activity (13), but recent evidence characterized
it as an efficient Tutase in vitro and in vivo (14-16). Cid1 en-
codes a catalytic nucleotidyltransferase motif and a poly(A)
polymerase-associated motif (17), but lacks an identifiable
RNA recognition motif. Interestingly, nucleotide specificity
appears to have evolved after RNA specificity, with adeny-
lyltransferases and uridylyltransferases playing opposing
roles in promoting RNA stability or degradation in eukary-
otes, respectively (18). Nucleotide specificity depends on a
critical histidine residue (H336), which is responsible for
UTP over ATP preference (19,20) (Figure 1A). A H336N
mutation in Cid1 converts the enzyme to an adenylyltrans-
ferase (16,20), whereas a histidine insertion in its human
adenylyltransferase counterpart GIld2 confers UTP speci-
ficity (18).

One of the first Cid1 RNA substrates to be identified was
actinl mRNA, which was shown to be uridylated upon S-
phase arrest in a Cid1-dependent manner (15). In S. pombe,
RNA uridylation mediates mRNA turnover: Cidl uridy-

lates polyadenylated mRNAs to trigger Lsm1-7-mediated
decapping of the RNA 5'-end and subsequent degradation
by the U-specific exonuclease Dis3L2 (7,10). Biochemical
and structural investigations revealed that despite the ab-
sence of a specific RNA recognition motif (Figure 1B), Cid1l
is capable of binding and uridylating RNAs in a sequence-
independent manner (14). Due to its substrate promiscuity,
Cid1 is thought to participate in a widespread mechanism
of mRNA decay in S. pombe (11,17,19,21,22), and substrate
specificity and selectivity may require accessory proteins, in
analogy to the human homologs, Tutases Tut4, Tut7 and
the adenylyltransferase Gld2 (18,23-26).

Following uridylation, RNAs are quickly degraded by
the U-specific 3'-5" exonuclease Dis3L.2 (6-8,27-29). Recent
studies revealed that Dis3L.2-catalyzed exonucleolytic RNA
degradation constitutes an alternative pathway for RNA
decay, independent of exosome and Xrnl-catalyzed decay
pathways (7). In S. pombe, Dis3L2 localizes to the cyto-
plasm and does not associate with the exosome but inter-
acts with components of the cytoplasmic mRNA degrada-
tion pathway. While a recent study reported no significant
changes in mRNA accumulation in a dis3 L2 deletion strain,
uridylated mRNAs were found elevated in a dis3L2 and
Isml double mutant strain, and recombinant Dis3L2 de-
graded uridylated RNA transcripts in vitro (7). In humans,
Dis3L2 is involved in the degradation of uridylated mRNA
and miRNA transcripts (6,7,30-32). Mutations in Dis3L2
in humans are associated with the Perlman syndrome of fe-
tal overgrowth, likely due to its role in the degradation of
miRNAs and pre-miRNAs of the let-7 family (33). Dis3L2
displays a typical RNase IlI-like protein domain organiza-
tion, and encodes two cold shock domains (CSDs), an ex-
onucleolytic ribonuclease domain (RNB), and a nonspecific
RNA binding domain (S1) (Figure 1B). Structural analysis
of Dis3L2 showed that in the absence of RNA, the enzyme
displays an open conformation (28) and RNA binding in-
duces a closed conformation, where three RNA binding do-
mains form a funnel to position the RNA substrate for ex-
onucleolytic degradation (32).

In S. pombe, the Cid1-Dis3L2 RNA degradation path-
way constitutes one of three mRNA surveillance pathways.
While the individual proteins, Cid1 and Dis3L2, are now
recognized and biochemically and structurally character-
ized, it is unclear whether the three RNA decay pathways
(Xrnl, exosome, and Cidl/Dis3L2) are dedicated to spe-
cific substrate RNAs or act as three global albeit indepen-
dent decay mechanisms. In this study, we capture the extent
of the Cidl/Dis3L2 mediated RNA degradation and find
that depletion of uridylation-dependent RNA decay causes
the accumulation of misfolded proteins and an increase in
abundance of mRNAs involved in the stress response. Us-
ing deep sequencing, we find that while Cid1 depletion has
little impact on mRNA homeostasis, Dis3L2 represents a
bottleneck in uridylation-dependent RNA decay and its de-
pletion leads to an increase in mRNAs involved in protein
folding and degradation pathways. We conclude that pertur-
bation of uridylation-dependent RNA decay elicits a stress
response, likely due to the accumulation of misfolded pro-
teins.



MATERIALS AND METHODS
Yeast strains and growth conditions

S. pombe strains were obtained from Bioneer (Alameda,
CA, USA): Wildtype (BG_0000H6, ade6-M210 ura4-
D18 leul-32); Adis3L2 (BG_H0669; orfA SPAC2C4.07c:
kanMX4/ORF ade6-M210 ura4-D18 leul-32) and Acidl
(BG_HO0513; orfA SPAC19D5.03: kanMX4/ORF ade6-
M210 ura4-D18 leul-32). Liquid cultures were grown at
30°C in YPD supplemented with adenine to an optical den-
sity of ODgop = 0.5. For spotting assays, yeast were grown
on Edinburgh minimal media (EMM) (3 g/I potassium hy-
drogen phthalate, 2.2 g/1 sodium phosphate dibasic, 5 g/l
ammonium chloride, 20 g/1 dextrose, 2.1 g/1 mineral salts,
0.02 g/1 vitamins, 3 mg/I trace elements) supplemented with
12 g/1 L-leucine, 2 g/1 uracil, 2 g/1 adenine.

Spotting assays

S. pombe cells were inoculated in 4 ml EMM-URA-LEU-
ADE liquid media overnight in a 30°C incubator shaker.
100 .l of cells were diluted 1:10 in ddH,O to measure the
ODyg to determine cell density. Cells were standardized to
ODgpp = 1 in the first row of wells on a 96-well plate. A 1:5
serial dilution of cells was performed in the subsequent five
rows of wells. Cells were spotted on YES, and EMM -uracil-
leucine-adenine media agar plates with or without 10 mM
azetidine-2-carboxylic acid (AZC), 100 pM H,0,, 5 mM
caffeine, 2 mM caffeine, 5 mM hydroxyurea, 2 mM hydrox-
yurea, and 2.5 mM caffeine + 10 mM hydroxyurea. Plates
were incubated in a 30°C incubator. Photographs of plates
were taken on different days to document growth. Spotting
assays were photographed, and the image was modified to
black and white with the background blackened out and
the yeast colonies being white. The circular selection tool
on Imagel was used to select an equal area of colonies and
the mean gray value (MGV) was measured for density of
cell growth. The blackened plate background gave a MGV
of 0 and complete colony growth gave a value of 255. Wild-
type values were normalized to 1 and the growth of deletion
strains were normalized against wildtype to give a fraction
of 1. Unpaired ¢-test was employed to infer statistical sig-
nificance between wildtype and each deletion strain at 95%
confidence interval.

Cidl1 cloning, purification, and activity assays

Total RNA was extracted from S. pombe cells using
MasterPure Complete DNA and RNA Purification kit
(Epicentre) and reverse transcribed with SuperScript 11
Reverse Transcriptase (Invitrogen) and random hexamer
primers. The resulting cDNA was amplified by PCR using
gene specific primers (Cid1F 5-AAGCTTATGAACATTT
CTTCTGCACAATTTATTCCTGGTGT-3 and CidIR
5'- CTCGAGCTCAGAATTGTCACCATCGGTTTCAT
TC-3') and inserted into a pET-20b(+) expression vec-
tor with HindIII and Xhol restriction sites. The construct
was confirmed by DNA sequencing (London Regional Ge-
nomics Centre). Escherichia coli BL21 Codon Plus cells
were transformed with pET-20b(+) encoding His-tagged
cidl and grown in LB media with ampicillin (100 pg/ml)
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and chloramphenicol (34 wg/ml) at 37°C to an ODgyy of
0.6. Protein expression was induced by the addition of iso-
propyl B-D-1-thiogalactopyranoside (IPTG) to a final con-
centration of 1| mM and the culture was grown overnight
at 18°C. Cells were harvested and resuspended in Buffer
A (50 mM HEPES, pH 6.8, 100 mM NaCl, 2 mM 2-
mercaptoethanol) supplemented with 1 mM phenylmethyl-
sulfonyl fluoride (PMSF) and 0.25 mg/ml lysozyme and
lysed with a French Pressure Cell. Following 1 hour of cen-
trifugation (41 000 rpm at 4°C), cell free extract was loaded
onto a gravity column containing HisPur Ni-NTA resin
(Thermo Scientific) pre-equilibrated in Buffer A. The resin
was washed with Buffer B (50 mM HEPES, pH 6.8, 100
mM NaCl, 2 mM 2-mercaptoethanol, 50 mM imidazole)
and Cid1 was eluted with Buffer C (50 mM HEPES, pH 6.8,
100 mM NacCl, 100 mM imidazole). After concentrating the
eluted protein, remaining contaminants were removed by
size exclusion chromatography using a Superdex™ 200 In-
crease 5/150 GL column and Buffer A. Protein concentra-
tion was determined using a Bradford assay and purified
proteins were stored at —80°C in 10% glycerol. Enzyme ac-
tivity assays were carried out as described previously (18).

cRACE and Northern blotting

RNA was isolated using the Masterpure RNA purifica-
tion kit (Epicentre), dephosphorylated with shrimp alka-
line phosphatase (NEB), and phenol chloroform extracted.
For decapping, RNA was incubated with tobacco acid py-
rophosphatase (NEB) and circularized with T4 RNA lig-
ase (NEB). Reverse transcription was carried out using Su-
perscript Reverse Transcriptase (ThermoFisher) and ran-
dom hexamer primers. Gene specific amplification was car-
ried out using primers listed in Supplementary Table S1
and PCR products cloned into pCR3.1- TopoTA vector
(ThermoFisher) and sequenced at the London Regional
Genomics Centre. Northern blots were performed as pre-
viously described (34) using 5 or 10 pg of total RNA and
5/32P-labeled gene specific probes amplified from genomic
DNA using primers listed in Supplementary Table S1.

RT-qPCR

Reverse transcription and quantitative PCR were per-
formed as described (35). Briefly, total RNA was extracted
using the Masterpure RNA purification kit (Epicentre) and
reverse transcribed using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems). PowerUp SYBR
Green Master Mix (Applied Biosystems) was used for the
gPCR and amplification was performed on the ViiA 7
Real-Time PCR System. Six biological replicates of each S.
pombe strain (wildtype, Adis3L2, and Acidl) were analyzed
in technical triplicates. All primers are listed in Supplemen-
tary Table S1.

Yeast sedimentation assay and Western blot

Wildtype, Adis3L2 and Acidl S. pombe strains were
streaked onto YPD agar plates supplemented with adenine,
uracil, and leucine and incubated at 30°C. Three biological
replicates for each strain were grown in 5 ml YPD media
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supplemented with adenine, uracil, and leucine overnight
at 30°C. The ODg of all cultures was measured the next
morning before the cells were centrifuged at 4000 x g for
5 min at 4°C. The sedimentation assay was adapted from
(36). Briefly, cell pellets were lysed in 200 wl lysis buffer (100
mM Tris—HCI pH 7.5, 200 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT),
5% glycerol, 0.5% Triton-X, 2 mM phenylmethylsulfonyl
fluoride (PMSF)) supplemented with protease inhibitors
(Roche, 04 693 159 001) using glass beads on a Disruptor
Genie. Cells were disrupted with six 30 s bursts followed by
30 s on ice between each burst. The lysates were separated
from the glass beads and 50 wl was added to 50 wl SUMEB
(8 M urea, 1% sodium dodecyl sulfate (SDS), 10 mM 3-(N-
morpholino)propanesulforic acid (MOPS), 10 mM EDTA,
0.01% bromophenol blue). The remaining lysates were cen-
trifuged at 500 x g for 15 mins at 4°C and 100 pl of the
supernatant was added to 100 pl of SUMEB. The pellets
were resuspended in 100 wl lysis buffer with no PMSF and
100 I SUMEB. Samples were analyzed on a 10% SDS gel
and total protein in each lane was quantified using the Bio-
Rad ChemiDoc MP and Image Lab software. Total lysates
were blotted for PGK1 (ThermoFisher Scientific, 459250)
as loading control.

RNA sequencing and data analysis

Three biological and three technical replicates for each S.
pombe strain (WT, Adis3L2 and Acidl) were grown in YPD
media to an ODgyy of 0.6-0.65. RNA was isolated using
the Epicentre RNA extraction kit. Ribosomal RNAs were
depleted using the Ribo zero RNA kit and the RNA li-
brary was generated with the NEBNext® Ultra™ Direc-
tional RNA Library Prep Kit for Illumina. Samples were
analyzed on the MiSeq sequencing v2. Sequencing reads
were mapped to the S. pombe MT genome (NC_001326.1)
using the CLC Genomics Workbench and changes in gene
expression were analyzed with the ANOVA-like Differen-
tial Expression (ALDEX2) tool (37) and an effect size cut-
off of 1.5. The relative expression (abundance) of each gene
within a sample was calculated as the median centered
log-ratio (clr) from 1000 Monte Carlo Dirichlet instances.
Genes were considered to be differentially expressed if the
ALDEX2 effect size was greater than 1.5 (i.e. the differ-
ence in abundance between two strains was at least 1.5-
fold greater than the difference between biological repli-
cates). Genes differentially up or down regulated by at least
1.5-fold were analyzed for enrichments in specific path-
ways using the Search Tool for the Retrieval of Interacting
Genes/proteins (STRING) (38).

RESULTS

Recombinant Cidl displays ambiguous substrate specificity
in vitro

Previous studies have shown that S. pombe Cidl uridy-
lates a variety of RNA substrates in vivo (15), which may
subsequently be degraded by the exonuclease Dis3L2 (7).
To assess whether Cidl uridylation is ambiguous or dedi-
cated to specific substrates, we produced and purified full
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Figure 2. Cidl displays a promiscuous substrate range in vitro. Cidl
was incubated with different RNA substrates and [a-32P]-UTP as indi-
cated. Formation of [«-32P] labeled RNA products was monitored by elec-
trophoretic separation and subsequent phosphorimaging. Cidl catalyzed
[«->2P]-UTP addition to RNA substrates pre-let-7a (72 nt), mature hu-
man miRNAs let-7a-5p (22 nt) and miR 122 (22 nt), an oligo(A) tail mimic
15A (15 nt), total yeast tRNA, and total RNA isolated from HEK293T or
MDA-MB-321 cells. Radiolabeled RNA Decade marker is used for refer-
ence.

length Cidl and assessed its substrate specificity on sev-
eral RNA substrates in vitro. We found that Cidl uridy-
lates a poly(A) tail mimic (15A), tRNA, total mRNA,
pre-miRNA and miRNAs equally (Figure 2). It appears
that Cidl uridylates RNA substrates regardless of their
secondary structure (pre-miRNA hairpin structure, tRNA
structure), or sequence (miRNAs and poly(A) RNA). To-
tal yeast tRNA and total human RNA preparations from
cell lines HEK 293T and MDA-MB-231 are heteroge-
neous mixtures by nature and the frequency of poly- ver-
sus monouridylation cannot be assessed. In these cases, the
observed products are presented in a smear, consistent with
either the uridylation of RNA substrates of varying length
or also a mixture of poly- and monouridylation events.
Substrates 15A RNA, miRNAs and pre-miRNA were ei-
ther purchased oligoribonucleotides or products of in vitro
transcription (pre-let-7a) (18). For these homogenous RNA
substrates, the predominant product is consistent in length
with a monouridylated RNA product. In the case of the 15A
nucleotide poly(A) tail mimic 15A RNA, a second band
at ~35 nucleotides is detectable, indicating the addition of
roughly 20 uridines in vitro. For the microRNA substrates
miR-122 and let-7a, polyuridylation can be observed in the
form of a ladder-like pattern, as a result of multiple nu-
cleotide additions with variable product lengths. Thus, Cid1



displays no substrate preference in vitro and can act as both
a distributive or processive Tutase.

RNA uridylation is prominent in wildtype S. pombe and a cidl
deletion strain

To further investigate the function and substrate range
of Cidl in vivo, we purified mRNA from wildtype and
Acidl S. pombe strains and amplified several mRNA species
to sequence their 3’-end by cRACE. Surprisingly, uridy-
lation of RNAs was found in both the wildtype and
the deletion strain. The small subunit ribosomal RNA,
ScpofMRI?2 is, as typical for ribosomal RNA, not adeny-
lated, and most samples also did not contain additional
uridyl residues at the 3’-end (Figure 3). In S. pombe wild-
type cells, one sequence was retrieved with multiple uridines
added to the RNA 3’-end (Figure 3A) and in the cidl
deletion strain, monouridylated RNA was found (Figure
3B). Since uridylations are rare and only few sequences
were retrieved, no conclusions as to the general uridyla-
tion pattern can be drawn from this data. SPBC215.11c, a
protein coding RNA, was polyadenylated in both strains,
with no 3’-end uridylated RNAs recovered. Interestingly, a
uridylation/adenylation pattern was found in several sam-
ples of dak2, a protein coding RNA, where a poly(A) tail of
differing length was interceded by two uridyl residues, fol-
lowed by an additional four adenines (5-NyAUUAAAA-
3’). This pattern was found only in dak2 RNA, in eight out
of nine sequenced RNA samples, and is not derived from
the dak2 5" or 3’ UTRs (Figure 3C). For another protein
coding mRNA, SPACI9G12.09, samples encoding poly(A)
tails without uridines were most prevalent. One polyuridy-
lated sample was recovered from the cidl deletion strain
and two monouridylated RNAs from wildtype S. pombe
RNA. Again, due to sample size, no conclusions can be
drawn whether this represents a general uridylation pattern.
Though it appears that uridylation is slightly less preva-
lent in the cidl deletion strain, the small sample size and
methodology of cRACE does not allow for a quantification
of uridylation, but rather the qualitative observation that
mono- and polyuridylation occurs in both wildtype and cid!
deletion strains, and that dak2 RNA is prone to an unusual
pattern of RNA uridylation and adenylation.

Deletion of the Dis3L2 exonuclease elicits changes in the
transcriptome

To further probe the prevalence of uridylation-dependent
RNA decay in S. pombe, we isolated total RNA from
wildtype, Acidl, and Adis3L2 strains, depleted ribosomal
RNA and analysed the RNA content using deep sequenc-
ing. Reads were mapped to the S. pombe genome, and dif-
ferentially expressed genes (effect size > 1.5) with more
than a 1.5-fold change in expression between wildtype and
Acidl or wildtype and Adis3L2 were considered for the
data analysis (Figure 4A and B, Supplementary Tables S2—
S6). Gene expression changes in Acidl and Adis3L2 dele-
tion strains followed a similar trend, as outlined in Fig-
ure 5A, B and Supplementary Figure S1 and Supplemen-
tary Tables S2-S6. Overall, 72 genes were found differen-
tially expressed > 1.5-fold between wildtype and Acidl, and
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214 genes were differentially expressed >1.5-fold between
wildtype and Adis3L2 (Supplementary Table S2). 24 of the
genes were differentially regulated more than 1.5-fold in
both deletion strains (Figure 5B). While changes in the tran-
scriptome of >1.5-fold were more noticeable in Adis3L2,
many of the same genes were similarly up/down regulated
in Acidl (Figure 5A), albeit to a lesser extent. To verify the
results obtained by RNA sequencing, we performed North-
ern Blotting on several RNAs found to be differentially ex-
pressed in the deletion strains. ec// was shown to be 1.4-fold
upregulated in the cidl deletion strain (Supplementary file
1), which was confirmed by Northern Blot (Figure 6A), and
little to no expression changes were seen in spacl9g12.09,
spac27e2.11c, thfl and tdhl, which confirms our sequenc-
ing results. We further used RT-qPCR to confirm our se-
quencing results (Figure 6B and Supplemental file 1), and
all data confirmed the data observed in our Next Genera-
tion Sequencing data. The qPCR data confirmed no signif-
icant change in the expression of pex22 (Wt/dis3L2: qPCR
0.73-fold change, Sequencing 1.0-fold change). Four genes,
hspl04 (Wt/dis3L2: qPCR 2.8-fold change, Sequencing 3.9-
fold change), sp78 (Wt/dis3L2: qPCR 1.8-fold change, Se-
quencing 2.7-fold change), ssa2 (Wt/dis3L2: qPCR 1.8-fold
change, Sequencing 2.9-fold change) and tcg/ (Wt/dis3L2:
gPCR 1.24-fold change, Sequencing 2.3-fold change) were
more abundant in Adis3L2, confirming our sequencing re-
sults. As observed in our next generation sequencing data,
the changes in mRNA abundance as measured by RT-
gPCR are less pronounced in the cidl deletion strain than
in the dis3L2 deletion strain (Figure 6B).

For genes >1.8-fold up or down regulated, we performed
STRING analysis for enrichment of specific pathways (38)
(Figure 7). In the Adis3L2 strain, we found significant en-
richment in genes upregulated in protein folding and pro-
tein degradation pathways (false discovery rate < 0.001, Ta-
ble 1). Differential expression for genes involved in stress
response, especially heat shock proteins, chaperones, and
protein degradation were most prominent, but enrichment
was also observed in sugar and nucleotide metabolism (false
discovery rate < 0.01, Table 1), specifically in galactose
metabolism (false discovery rate < 0.02, Table 1). No signif-
icant enrichment was found for genes up or down regulated
in the cidl deletion strain (Supplementary Figure S2A and
B). Similarly, few genes were down regulated in Adis31.2,
and the gene products did not show enrichment in specific
pathways according to our STRING analysis (Supplemen-
tary Figure S2C).

Deletion of dis3L2 confers resistance to hydroxyurea,
whereas deletion of cidl increases sensitivity to protein mis-
folding stress

Since our sequencing analysis revealed major changes to the
transcriptome of stress related genes in the dis3L2 deletion
strain, we assessed phenotypic effects on S. pombe in re-
sponse to chemical stress (Figure 8). Cid1 was first identified
as a protein involved in S-M checkpoint control and cidl
deletion strains were found to be sensitive to caffeine stress
(12). For phenotypic analysis, cells were grown on EMM
containing 10 mM caffeine, 10 mM hydroxyurea (HU), or
a combination of 2.5 mM caffeine and 10 mM HU as de-
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Figure 3. RNA uridylation of diverse RNA transcripts is found in wildtype and cid! deletion strains. RNA was extracted from wildtype and cid! deletion
strain, and 3’-ends of selected mRNAs were analyzed by cRACE. In both (A) wildtype and (B) Acidl S. pombe cells transcripts containing terminal uridyl
residues, and residues incorporated into the poly(A) tail were detected. A slight decrease in uridylated transcripts was detected upon cid!/ deletion. (C)
Sequence of the dak2 mRNA 3’-UTR (red) and 5'-UTR (blue). The protein coding sequence was omitted and is indicated as dak2 coding sequence.

Table 1. Functional enrichments in genes >1.8-fold upregulated in S. pombe Adis3L2 compared to wildtype. Gene ontology processes enriched with a

false discovery rate <0.01 are listed

Gene ontology biological process Observed gene count

False discovery rate

Matching proteins in S. pombe network

Protein folding 12 0.000414 SPBCI1711.08.1, bipl, cdc37, hspl04, hsp78, hsp90,
psil, ssal, ssa2, sscl, stil, trx1

Galactose catabolic process 4 0.0021 SPBC32F12.10.1, gall, gall0, gal7

Single-organism catabolic process 15 0.00848 SPAC26F1.07.1, SPBC32F12.10.1, SPBC3B9.01,
SPCCSE4.05¢.1, bipl, cdc48, gall, gall0, gal7, glol,
pgil, plg7, rptl, rpt3, trxl

Monosaccharide catabolic process 6 0.00848 SPAC26F1.07.1, SPBC32F12.10.1, gall, gall0, gal7,

pgil

scribed previously (12). Our data shows that the cidl dele-
tion strain is sensitive to caffeine and HU (Figure 8). Since
Cidl and Dis3L2 function in the same pathway, we next
tested the impact of these chemical stressors on the dis3L2
deletion strain. Surprisingly, Adis3L2 cells were more resis-
tant to HU and caffeine, and a combination of caffeine and
HU than wildtype cells (Figure 8). In addition, we tested the
sensitivity of strains bearing a deletion of dis3L2 or cidl to
conditions of protein misfolding stress for growth in media
containing hydrogen peroxide, which causes oxidative dam-

age. Deletion of dis3L2 did not cause significant changes in
sensitivity to hydrogen peroxide compared to wildtype (Fig-
ure 8). By contrast, deletion of cidl resulted in increased
sensitivity to oxidative stress.

Deletion of dis3L2 and cidl causes the accumulation of mis-
folded proteins

To test whether the upregulation of stress response genes in
the deletion strains was a transcriptional response to cellu-
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Figure 4. Changes in relative abundance of mRNAs in WT, Acidl, and Adis3L2 cells. Expression plot comparing relative abundance (log, centered log
ratio, clr) of transcripts from a WT (x-axis) and (A) Acidl or (B) Adis3L2 strain (y-axis). Differentially expressed genes (ALDExX2 effect size > 1.5) are
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Figure 5. Genes differentially expressed in S. pombe deletion strains compared to wildtype. (A) Heat map showing fold-change for significantly different
genes with hits for both WT S. pombe and Acidl and WT and Adis3L2 strains and (B) Venn diagram of genes differentially expressed in Acidl and Adis3L2

deletion strains versus wildtype.

lar stress, we tested WT and deletion strains for the accumu-
lation of misfolded proteins in the cell. Indeed, the overall
protein abundance in the insoluble protein fraction was sig-
nificantly higher in both deletion strains (Figure 9A, C and
D). PGK1 (Phosphoglycerate kinase 1) was blotted for in
total cell lysates as a loading control (Figure 9B). To investi-
gate whether dis3 L2 or cidl expression is upregulated under
stress conditions, we performed a Northern blot on RNAs
extracted from WT cells grown under heat, cold, caffeine
and hydroxyurea stress (Figure 9E). No changes in abun-
dance were observed.

DISCUSSION
mRNA uridylation does not exclusively depend on Cid1l

Uridylation-dependent RNA decay is now well established
as an alternative RNA degradation pathway (9). Despite

growing knowledge on the biochemical and structural prop-
erties of the responsible enzymes Cidl and Dis3L2 in S.
pombe, little is known about the prevalence and substrate-
specificity of uridylation-dependent mRNA decay. A trun-
cated Cid1, lacking amino acids 1-31 of the N-terminal do-
main was previously shown to be highly processive in vitro
(15,21), yet only a few U residues are added in vivo (Figure
3 and (15)). By contrast, our full length protein is signifi-
cantly less processive and its uridylation activity is restricted
to few residues (Figure 2). It is therefore possible that the
N-terminal domain of Cid1 serves as an auto-inhibitory do-
main to prevent excessive RNA uridylation.

In the cellular context, our data shows that mRNA uridy-
lation in S. pombe is not exclusive to the founder Tutase
Cidl but is likely also executed by a partially redundant
Tutase. We found evidence of mRNA uridylation in a cidl
deletion strain (Figure 3), indicating the activity of an al-
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Figure 6. Northern blot and RT-qPCR showing differential expression of genes in wild-type versus Acidl S. pombe. (A) Northern Blots of total RNA
extracted from WT and Acidl S. pombe was run on a 1% agarose gel in 1X MOPS and capillary blotted onto a Nylon membrane overnight at 4°C.
RNA was UV-crosslinked to the membrane and probed with gene-specific oligonucleotideslabeled on the 5'-end with 32P. The blot was exposed to a
phosphorimaging screen for two days at —80°C. tdh! (GAPDH) was used as loading control. Expected sizes are as following: ec// with UTRs, 3597 nts;
spacl9G12.09 with UTRs, 1213 nts; spac27E2.11c¢ with UTRs, 2140 nts; thf] with UTRs, 3449 nts, with UTRs and introns, 3777 nts; tdhl with UTRs,
1518 nts. (B) RT-qPCR was performed on WT, Acidl, or Adis3L2 S. pombe cells to assess the gene expression changes in the absence of cidl or dis3L2.
Cultures were grown to exponential phase (ODggo = 0.6), harvested and RNA isolated. Expression of each gene was normalized to the WT strain grown
to early-exponential phase. Internal control used was rpp0. Error bars show the standard error on the mean (n = 6).

ternate Tutase in this pathway. In addition, less drastic
changes were observed in the transcriptome upon cidl dele-
tion (Figures 4, 5 and Supplemental Figure S2). It remains
to be elucidated which TENTs are responsible for RNA
uridylation in the absence of Cidl. S. pombe encodes sev-
eral TENT homologs besides Cidl, namely Cid11, Cid12,
Cid13, Cid14 and Cid16. Interestingly, transcriptional lev-
els of the TENT Cid14 are 2-fold down regulated in the cidl
deletion strain. Cid 14 is thought to be a poly(A) polymerase
and lacks the histidine residue specifying uridine over ade-
nine specificity (Figure 1A). Furthermore, Cid14 has been
shown to act as a poly(A) polymerase in ribosomal RNA
processing (39), and is thus unlikely to also act as a Tutase.
Similarly, Cid11, Cid12 and Cid13 are thought to be adeny-
lyltransferases rather that Tutases (9,40). The most likely
candidate for mRNA uridylation appears to be Cid16, an
enzyme previously shown to act as a Tutase on small RNAs,
targeting Argonaute-bound RNAs to promote their degra-
dation (41). In a recent study, spatially separated activities
of the nuclear adenylyltransferase Cid14 and the cytoplas-
mic Tutase Cid16 were shown to regulate small RNA sta-
bility (41). While Cid1 does not compensate for small RNA
uridylation in the absence of Cid16 (41), it is possible that

Cid16 uridylates mRNAs in the absence of Cidl, or gener-
ally functions as a redundant Tutase acting on mRNA.

Mixed mRNA A/U tails

While adenylyltransferases and Tutases have previously
been shown to act on the same set of RNAs on sepa-
rate instances (41), we show here a previously unreported
combined 3" A/U modification in S. pombe. The observed
combination of A/U addition suggests that in contrast to
the uridylation and adenylation of sRNAs catalyzed by
the spatially separate Cid14/Cid16, the dak2 mRNA 5'-
N,AUUAAAA-3 tail most likely occurs in the cytoplasm
as a cooperative effort between uridylyl- and adenylyltrans-
ferases. The Tutases Cid1 and Cid16, as well as the adeny-
lyltransferases Cid11 and Cid13, localize to the cytoplasm
(42) and could interact to form this unusual 3’-end RNA
motif. Whether the 5-N,AUUAAAA-3'motif serves as a
specific signal for downstream RNA processing, RNA lo-
calization, or degradation remains to be determined. We
observed the 5-N,AUUAAAA-3" motif on dak2 mRNA,
which encodes a dihydroxyacetone kinase. Whether the 5'-
NyAUUAAAA-3motif is unique to this mRNA species is
speculative, as we only tested a small sample number of mR-
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NAs. Excitingly, guanylyl- and adenylyltransferases were
shown to generate mixed-tails in human cells, and mixed
tails were shown to shield mRNA from rapid deadenyla-
tion (43). Future research will have to explore the biologi-
cal function and prevalence of combined A /U tailored tran-
scripts in S. pombe in vivo.

Uridylation-dependent RNA decay is linked to stress response
and telomere maintenance

While Cidl is not essential for the uridylation-dependent
RNA decay pathway under non-stress conditions, Dis3L2
appears to represent more of a bottleneck in RNA degra-
dation. Our data shows that the deletion of dis3L2 leads
to an accumulation of transcripts predominantly in protein
folding and degradation pathways, as well as sugar catabolic
processes. While Cid1 does not contain specific RNA recog-
nition motifs, such as Zinc fingers, its crystal structure re-

vealed a positively charged surface area thought to facili-
tate general, sequence-independent RNA binding (19,20).
It has been suggested that RNA binding proteins interact
with Cidl1 to direct the TENT to substrate RNAs, but these
proteins remain to be identified (21).

As previously described for chemical stress, the transcrip-
tome of S. pombe undergoes global changes in response
to stress conditions (44) (Supplementary Tables S2-S6).
We found most significant changes in the transcriptome in
genes related to protein folding, such as heat shock protein
genes hsp90, hsp70, co-chaperones cdc37 and wos2, protein
remodelling factor /hspl04, and chaperone activators ahal
and stil with an effect change between 2- and 10-fold in the
dis3L2 deletion strain (Supplementary Tables S2, S5, S6).
Changes to the Acid! transcriptome generally followed the
same trend, albeit to a lesser extent, indicating that a par-
tially redundant Tutase reduces the effect of the cidl dele-
tion (Supplementary Tables S2, S3, S4). Furthermore, pro-



3054 Nucleic Acids Research, 2019, Vol. 47, No. 6

A 1-5 dilution

WT Adis3L2 Acid1

Standardized growth 0

EMM +Leu +Ura

Standardized growth

EMM + 100 uM H20,

Standardized growth

EMM + 5 mM caffeine

Standardized growth

EMM + 5 mM HU

Standardized growth

EMM + caffeine + HU

Figure 8. Growth assay of S. pombe wildtype (WT), Adis3L2 and Acidl.
Cells were grown on EMM with required nutrients and with or without
drug treatment at 30°C. (A) Cells were grown overnight in EMM media
with Ura, Leu, and Ade and then spotted on media plates. (B) Quantifi-
cation of standardized growth differences between wildtype and deletion
strains. WT growth was normalized to 1 and compared against deletion
strains. The P values were calculated using a two-tailed -test. A P value <
0.05 is indicated by an asterisk (*) and < 0.01 by (**).

tein catabolic processes and protein degradation pathways,
including AAA-type ATPase cdc48, and 19S proteasome
regulatory subunits rpt/, rpt3 and rpt6, and the ubiquitin
C-terminal hydrolase ubpl5, were upregulated between 2-
and 5.4-fold in Adis3L2, and up to 2.2-fold in Acidl. Other
accumulated transcripts include RNAs of genes from a va-
riety of metabolic pathways, transcriptional regulators, cell
cycle, and the cytoskeleton (Figure 7).

Galactose metabolism genes gall, gal7 and gall0 are re-
quired for using galactose as a carbon or energy source and
are usually repressed in wildtype fission yeast in the absence
of galactose (45). We found these genes significantly upreg-
ulated in the Adis3L2 strain with effect changes between
3.5 and 8.5 (Supplementary Tables S2, S5 and S6). Expres-
sion of gal genes is regulated by telomeric silencing (45).
We observed an increased expression of genes involved in
telomere organization in the dis3 L2 deletion strain, namely
DNA replication factor A subunit Ssbl (effect change =

6.5), and single-stranded telomeric binding protein Tgcl
(effect change = 3.6). Overexpression of proteins involved
in telomere organization may be compensatory effects in
an effort to counteract a disruption of telomere organiza-
tion, which is evident from the de-repression of gal genes.
Cidl was initially characterized as a protein involved in S-
M checkpoint control, and it may well be that disruption of
uridylation-dependent RNA decay interferes with telomere
maintenance and repair.

Previous studies in frog oocytes show that uridylation-
dependent decay is crucial for clearance of the maternal
transcriptome, indicating that this decay pathway plays a
role in the degradation of transcripts that are no longer re-
quired (46). Similarly, in humans, Dis3L2 depletion is as-
sociated with the degradation of damaged RNA transcripts
(6). Furthermore, Dis3L2 inhibits global apoptotic mRNA
decay and cell death (47). These and other studies indicate
that uridylation-dependent RNA decay is part of a global
mRNA surveillance, aiding in the clearance of unneeded
or damaged RNAs. Our data show that perturbation in
uridylation-dependent RNA decay elicits a stress response
as evidenced by increased abundance of transcripts enriched
in protein folding and degradation pathways. It is possible
that some of the other transcriptional changes beyond stress
response result in a higher expression rate of those genes. We
hypothesise that excess protein production may overwhelm
the cellular protein quality control, leading to the accumu-
lation of unfolded proteins and consequently elicit the un-
folded protein response. In addition, since the Tut/Dis3L2
pathway in humans functions in damaged transcript decay
(6), these transcripts may also be accumulating in S. pombe,
but not be detected as a significant change in abundance
rates. Stress response genes are likely upregulated as a re-
sponse to accumulated proteins in the deletion strains (Fig-
ure 9).

Dis3L2 depletion increases resistance to hydroxyurea-
induced stress

Taking into account that both Cid1 and Dis3L2 are dispens-
able under normal growth conditions (7,9,12), it is likely
that uridylation-dependent RNA decay targets damaged or
incomplete RNA transcripts as part of a stress response,
similar to the Cid14/16 small RNA surveillance pathway
(41). Cid1 was first described as a protein involved in the S-
M cell cycle checkpoint (12). A cidl deletion strain displays
a growth retarded phenotype under stress conditions when
exposed to caffeine, HU, or a combination of caffeine and
HU (Figure 8) and overexpression of Cidl increases resis-
tance to this stress-inducing combination (12,48). Our data
shows that a dis3 L2 deletion on the other hand increases vi-
ability when exposed to HU and caffeine (Figure 8). Both
HU and caffeine are known for their interference with the
cell cycle (49). HU inhibits the enzyme ribonucleotide re-
ductase, which is essential for DNA synthesis and its de-
pletion impairs DNA replication and subsequently arrests
cells in S phase (50). Interestingly, the RNAs upregulated in
the dis3 L2 deletion strain included ribonucleotide reductase
small subunit suc22 (1.9 fold) and ribonucleoside reduc-
tase large subunit cdc22 (3.4 fold), which were previously
shown to be upregulated in response to HU (51). The in-
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Figure 9. Sedimentation assay of aggregated proteins in WT, Acidl, and Adis3L2 deletion strains. (A) Representative SDS gel of a sedimentation assay
showing total, soluble, and insoluble protein of WT S. pombe cells in triplicate. (B) Western Blot showing similar amount of PGK 1 of total cell lysate of WT,
Acidl, and Adis3L2 deletion strains were used for sedimentation assays. R = replicate. (C) Quantification of total amount of protein in the supernatant
and pellet fractions of three biological replicates from the wildtype, Acidl, and Adis3L2 strains. D) The ratio between the supernatant and pellet for each
strain was calculated and plotted on a bar graph. The P values were calculated using a two-tailed #-test (0.033 between WT and Acidl, 0.053 between WT
and Adis3L2). A P value <0.05 is indicated by an asterisk (*). (E) Northern blot showing no change in expression of cid! or dis3L2 RNA in response to

different growth conditions.

creased expression of ribonucleotide reductase subunits, in
combination with an already activated stress response may
give Dis3L2 depleted cells the growth advantage over wild-
type cells. While overexpression or depletion of enzymes
in the uridylation-dependent RNA decay pathway can al-
ter cell viability, we found no evidence that expression of
cidl or dis312 is altered at the transcriptional level (Figure
9E). Both cidl and dis3L2 show similar abundance inde-
pendent of growth temperature or chemical stress (Figure
8). However, protein production may instead serve as the
point of control on the translational level, or enzyme activ-
ity could be modulated by posttranslational modification,
as described for other nucleotidyltransferases (52,53). It is
plausible that enzymes involved in RNA uridylation and
decay are constitutively active and degrade damaged RNA
transcripts on demand.

We also tested the effect of the deletion of dis3L2 or cidl
on protein quality control. When grown on hydrogen perox-

ide to induce protein misfolding, the cidl deletion, but not
the dis3L2 deletion strain showed a significant increase in
sensitivity (Figure 8). It is possible that the upregulation of
the cellular stress responses (e.g. the heat shock response)
that we observed in the dis3L2 deletion exerts a protective
function compared to the cidl deletion strain. We further
found that both deletion strains accumulated higher pro-
portions of misfolded and insoluble proteins compared to
wildtype (Figure 9). These results indicate that the defects
in RNA processing in these strains leads to an accumula-
tion of misfolded protein, which in turn appears to induce
the expression of many protein quality control genes possi-
bly by activation of the heat shock response.

We conclude that uridylation-dependent RNA decay is
part of an RNA surveillance system, and RNA transcripts
are not efficiently disposed of in the absence of Dis3L2 or to
a lesser extent Cid1. Translation of these potentially dam-
aged or unwanted RNA transcripts leads to the accumu-
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lation of misfolded proteins, eliciting the cellular stress re-
sponse and the increased expression of chaperones and en-
zymes involved in protein degradation.
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