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Cytoplasmic mRNA decay is effected by exonucleolytic degradation in either
the 5’ to 3’ or 3’ to 5’ direction. Pervasive terminal uridylation is implicated in
mRNA degradation, however, its functional relevance for bulk mRNA turnover
remains poorly understood. In this study, we employ genome-wide 3’-RACE
(gw3’-RACE) in the model system fission yeast to elucidate the role of uridy-
lation in mRNA turnover. We observe widespread uridylation of shortened
poly(A) tails, promoting efficient 5" to 3’ mRNA decay and ensuring timely and
controlled mRNA degradation. Inhibition of this uridylation process leads to
excessive deadenylation and enhanced 3’ to 5 mRNA decay accompanied by
oligouridylation. Strikingly we found that uridylation of poly(A) tails and oli-
gouridylation of non-polyadenylated substrates are catalysed by different
terminal uridyltransferases Cidl and Cid16 respectively. Our study sheds new
light on the intricate regulatory mechanisms underlying bulk mRNA turnover,
demonstrating the role of uridylation in modulating mRNA decay pathways.

Messenger RNA turnover is a fundamental process in eukaryotic cells
that ensures the dynamic regulation of gene expression. The majority
of eukaryotic mRNAs produced in the nucleus are constantly degraded
in the cytoplasm. This transient nature of mRNA molecules is neces-
sary for gene expression flexibility’. All mRNAs in the cytoplasm are
believed to be degraded by the same conserved pathways’. The most
important determinants of mRNA stability are specific terminal fea-
tures, namely the 5’ cap and 3’ polyadenosine (poly[A]) tail. These
structural elements play important roles in mRNA protection, trans-
lation initiation, and decay. Bulk mRNA decay is usually initiated by the
poly(A) tail shortening, catalysed by specific deadenylase complexes’.
Following deadenylation, mRNA degradation can occur from either
the 5" end or the 3’ end, mediated by distinct exonucleases.

Both 3’ and 5" directed decay pathways have been thoroughly
studied in budding yeast. During 5 to 3’ decay, the 3-end of the
deadenylated transcript is bound by the Lsm 1-7 complex, which

activates the removal of the protective 5-cap structure and leaves the
mRNA molecule accessible for cytoplasmic 5’ to 3’ exonuclease, Xrnl>.
3’ to 5’ decay is executed by the multi-subunit exosome complex and
facilitated by the auxiliary SKI complex*. Both exonucleolytic decay
pathways serve redundant functions and can complement each other®.
There is evidence that the 5 to 3’ decay pathway is dominant®. How-
ever, the exact contributions to, and determinants of decay direc-
tionality are not well established.

Recent research has shed light on the role of polyadenosine tail
uridylation, a conserved modification of mRNA, in mRNA decay. Uri-
dylation involves the addition of one to a few uridine residues to the
end of the poly(A) tail, and it has been shown to influence mRNA
stability and decay rates”®. Poly(A) tail uridylation is a conserved fea-
ture of the eukaryotic transcriptome, with the notable exception of
budding yeast’. Uridylation is catalysed by a specific class of non-
canonical polymerases - terminal uridyltransferases (TUT-ases)’.
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Despite the conservation of uridylation across eukaryotes, the exact
function of mRNA uridylation in general mRNA turnover remains
poorly understood. Several consequences of uridylation for mRNA fate
have been described. Uridylation was shown to destabilise mRNA by
facilitating Lsm1-7 complex binding and thus promoting degradation
through the 5’ to 3’ pathway’®. In plants, uridylation additionally pro-
tects mRNA from excessive deadenylation and inhibits the activity of
CAF1 deadenylase in vitro'™'". Uridylation can also trigger 3’ to 5 mRNA
decay by conserved uridylation-dependent exonuclease Dis3I2".
Strikingly, eliminating uridylation in yeast does not result in strong
phenotypes in standard growth conditions. Moreover, uridylation is
difficult to study on a genome-wide level, with only a handful of
methods dedicated to its high-throughput detection™.

In this study, we aimed to unravel the role of mRNA uridylation in
bulk mRNA decay using fission yeast (Schizosaccharomyces pombe) - a
model organism with well-established mRNA uridylation®®. There are
two annotated terminal uridyltransferase genes encoded in the fission
yeast genome: cidI and cid16". Cidl was shown to be responsible for
the majority of poly(A) tail uridylation®, while Cid16 was proposed to
be involved in both mRNA uridylation'” and the turnover of Argonaute-
bound small RNAs'®,

To obtain a comprehensive understanding of the uridylation
landscape of fission yeast we applied genome-wide 3'RACE, a novel
technique for mapping RNA 3’-end architecture. By using a collection
of mRNA decay mutants and investigating the contributions of Cidl
and Cid16 to uridylation in different genetic backgrounds, we gained
insights into the roles of these enzymes in directing mRNA decay
towards specific pathways. In particular, we discovered that two fission
yeast TUT-ases catalyse two distinct types of uridylation: mRNAs with
shortened poly(A) tails are uridylated by Cidl, while completely
deadenylated mRNAs are subjected to oligouridylation by Cid16. Cid1-
mediated uridylation routes decay towards the 5" to 3’ pathway, while
Cidl6-mediated oligouridylation facilitates 3’ to 5' degradation. Elim-
ination of cidl boosts 3’ to 5’ directed decay and is accompanied by the
accumulation of deadenylated mRNAs that become targets for Cid16
mediated oligouridylation.

Results

Genome-wide 3’-RACE describes architecture of RNA 3’-ends
To gain a comprehensive picture of 3-end transcript architecture we
established a genome-wide 3-RACE method (gw3’-RACE) (Fig. 1a). In
short, an adaptor was ligated to the 3’-end of rRNA-depleted total RNA
and an approach similar to very efficient Bulk RNA Barcoding and
sequencing strategy (BRB-seq)” was used to produce sequencing
libraries. Libraries were paired-end sequenced using the Illumina
NOVA-seq platform with read 1 (R1) aligning to the transcript body and
read 2 (R2) covering the sequence of the 3’ extremity of this transcript,
including the non-templated nucleotides. This strategy appeared to be
robust, fast and cost-effective, allowing the production of good quality
sequencing libraries covering transcripts 3’-end region (Fig. 1b and
Supplementary Fig. 1a-c). It was recently demonstrated that lllumina
sequencing platforms can accurately estimate poly(A) homopolymer
size within the range of poly(A) tail lengths in yeast®®. We used a series
of spike-ins with poly(A) stretches from 10 to 40 nucleotides and
confirmed that we could correctly estimate homopolymer length in
our sequencing data (Fig. 1d).

We next applied custom data analysis to retrieve information
about the status and mapping position of the 3’-ends (Supplementary
Figs. 1e, 2). Our results align with existing knowledge regarding the 3"-
end architecture of various RNA classes, showing that most structural
RNAs lack tails while coding transcripts exhibit extensive tailing
(Fig. 1d). Over 95% of all R2 reads fell into one of the four RNA 3’-end
types: (i) poly(A) tails, (ii) uridylated poly(A) tails (iii) pure oligouridine
tails or (iv) without non-templated additions referenced to as “no tails”,
tails not matching any of the above classes are references as “others”

(Fig. 1d). As expected poly(A) and uridylated poly(A) tails were found
predominantly in mRNA and ncRNAs. A low level of oligouridylation
was also detected for those species. Oligouridylation was, however, a
prominent 3’-end modification of mitochondrially encoded RNAs
(mtRNA) (Fig. 1d).

We found a good agreement between the mean mRNA tail length
calculated for two biological repeats (Pearson’s correlation coefficient
r=0.73 for genes with at least 20 tailed reads) (Fig. 1e). The average tail
length per gene also showed a significant positive correlation with tail
lengths calculated using an alternative method (PAL-seq, Fig. 1)*.

The 3’-end of all three kinds of tailed read [poly(A), poly(A)U and
oligo(U)] mapped in the vicinity of the annotated mRNA transcription
end sites (TES), while non-tailed reads mapped across the mRNA
body (Fig. 1g).

Metabolic genes are extensively uridylated

The average number of uridylated poly(A) tails detected among all
mRNA mapped-tailed reads was about 20% (Fig. 1d) which is higher
than uridylation reported in humans® or plants”. However, similar to
other systems, uridylation targets predominantly mRNAs with short
poly(A) tails (Fig. 2a, b). Tails shorter than 17 nucleotides were uridy-
lated with a frequency approaching 50%, uridylation frequency drop-
ped for tails between 17 and 40nt, reaching a minimal level for tails
longer than 40nt (Fig. 2b). This step-wise change in frequency of
poly(A) tails uridylation correlates with the size of poly(A) stretch
required for binding Pabp protein (20-25nt), and is in agreement with
proposed antagonistic role of Pabp in uridylation®.

Similar to the situation in human cells, poly(A) tail uridylation
consisted predominantly of one or two uridine residues (Fig. 2c) A
Number of uridines added to pre-existing poly(A) tails was highest in
the case of shortest tails, and with A number increase, showed a
steadily decreasing trend (Fig. 2d). Oligouridylation was rare in mRNA
and amounted to less than 0.1% of all mapped reads. Oligo(U) tails
added to mRNAs were longer on average than U-stretches added to
pre-existing mRNAs adenine tails (Fig. 2c).

According to our data total mRNA tail length anticorrelates with
mRNA copy per cell (Fig. 2e)**, which is in agreement with previous
observations by others®. We calculated transcript uridylation fre-
quency, which is the percentage of poly(A) uridylated reads among all
tailed reads detected for a given transcript. The transcript uridylation
frequency differed between transcripts and spanned from none to
over 60% of uridylated poly(A) tails detected (Supplementary
Fig. 3a, b). Transcripts with shorter tails tended to have higher poly(A)
tail uridylation frequency (Fig. 2e). Transcript-wise poly(A) tail uridy-
lation frequency was positively correlated with mRNA copy per cell
(Fig. 2e). Contradictory to what was reported for human cells*, we
recorded a weak positive correlation between poly(A) tail uridylation
frequency and mRNA half-life (Fig. 2e). We concluded that poly(A) tail
uridylation in fission yeast is a feature of highly abundant, short-
tailed genes.

While short poly(A) tails tend to be highly uridylated, high tran-
script uridylation frequency is not simply a consequence of transcript
poly(A) tail length. Different functional mRNA categories were enri-
ched among genes which transcripts showed the highest uridylation
frequency and those with the shortest tails (Fig. 2f). While mRNAs of
the ribosomal subunits and nuclear pore complex were among tran-
scripts with the shortest tails, we did not find these categories among
the 25% of genes with the highest poly(A) tail uridylation. Instead, the
top uridylated mRNAs were enriched in amino acid and carbon
metabolism genes. Of note, transcripts of ribosomal subunit genes
were still uridylated above all genes average (Supplementary Fig. 3c).
Highly uridylated transcripts had a peculiar tail profile characterised by
an accumulation of short poly(A) uridylated reads, while genes
with low uridylation displayed Gaussian-type tail length distribu-
tion (Fig. 2g).
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Fig. 1| gw3’-RACE provides a comprehensive picture of RNA 3’-ends.

a schematic overview of gw3’-RACE protocol. b an example of read coverage
obtained from RNA-seq and gw3'-RACE experiment. ¢ density plot quantifying the
varying-length adenosine homopolymers that were spiked into NovaSeq libraries.
Expected lengths are indicated with dashed lines. d the architecture of 3™-ends in
different RNA classes. Depicted is a mean fraction of each type of 3"-end detected
for genes with more than 20 mapped reads and calculated for each class of RNA

Mean tail length PAL-seq

distance to TES (kB)

(average of two repeats). n equals the number of genes passing the read count
threshold. e correlation of mean tail length per protein coding genes obtained for
two biological repeats. Depicted are genes with more than 20 tailed reads.

f correlation of mean tail length per protein-coding gene detected in our data
(average of two repeats) with mean tail length detected using the PAL-seq method
for fission yeast mRNAs?.. g distribution of 3-end positions of different 3"-end types
relative to transcription end site (TES).

Cidl and Cid16 catalyse the uridylation of different RNA
substrates
We next constructed strains with one or both fission yeast TUTase
genes deleted and performed genome-wide 3’-RACE. Deletion of the
cidl gene resulted in a 90% decrease in the number of detected poly(A)
U 3"-ends, proving that Cidl is the main enzyme responsible for poly(A)
tail uridylation® (Fig. 3a, b). Single deletion of the cid16 gene had no
significant impact on poly(A) tails uridylation, however, double dele-
tion of cidl and cidI6 genes resulted in a 98% drop in the number of
detected poly(A)U tails - markedly more than in the case of the single
cidl gene deletion (Fig. 3a). The level of residual uridylation observed
in TUT-ase double deletion strain was comparable to one detected
when we applied gw3’-RACE to analyse budding yeast transcripts were
uridylation is absent (Supplementary Fig. 3d). Our results suggests that
Cid16 can perform a fraction of poly(A) tail uridylation, while it may be
a byproduct in the context of cidl deletion. The observed redundancy
in poly(A) uridylation between both TUTases is also supported by our
earlier observations”.

Strikingly, the cid16 gene deletion caused almost complete loss
of oligouridylation of 3’-ends (Fig. 3c). This effect was slightly

enhanced in the double deletion (Acid1Acid16) suggesting some
level of redundancy also in the case of oligouridylation. The highest
number of oligo(U) tailed reads were detected for mitochondrial
transcripts (Supplementary Fig. 4a), therefore, oligouridylation of
mtRNA seems to be a main function of Cid16. However, 3’-end oli-
gouridylation also targeted non-tailed mRNAs with Cid16 respon-
sible for both mtRNA and mRNA oligouridylation (Supplementary
Fig. 4b). Both mtRNA and mRNA oligo(U) tailed reads mapped
closely to annotated transcription end sites (TES) (Supplemen-
tary Fig. 4c).

While the number of uridines in oligo(U) tails is higher than the
number of uridines added to poly(A) tails, in the cidI deletion strain,
residual poly(A) uridylated tails contained a slightly greater number of
uridines, while in the cid16 deletion strain, residual oligo(U) tails were
clearly shorter (Supplementary Fig. 4d, e).

Altogether, we conclude that the preferred substrates for Cidl-
catalysed uridylation are shortened poly(A) tails, while Cidl6 adds
uridine preferentially to non-tailed RNAs. Accordingly, the primary
substrate of Cid16 is mitochondrial transcripts but it is also capable of
oligo-uridylating non-tailed mRNAs.
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two repeats calculated for all genes with at least 20 tailed reads (n = 2611 genes); the
relationship between mRNA uridylation frequency and mRNA copy per cell. mRNA
uridylation frequency was calculated by dividing the number of poly(A)U reads by
all tailed reads mapped to the given gene (average of two repeats); the relationship
between mean mRNA tail length and mRNA uridylation frequency; the relationship
between mRNA uridylation frequency and mRNA half-life (data from*’). f KEGG
categories enriched in the 25% of genes with mRNAs with shortest tails or 25% of
genes with most highly-uridylated mRNAs. Results were obtained using gProfiler*s;
Probability was calculated using Fisher’s one-tailed test and adjusted using Bon-
ferroni correction. g examples of tail length and uridylation distribution for genes
with high and low poly(A) tail uridylation frequency. A stacked bar plot was used to
visualise the split of tails of a given length in three categories: poly(A), poly(A)U and
oligo(U).

Deletion of one or both uridyltransferases had a minor effect on
the global mean tail length of mRNAs (Fig. 3d, and Supplementary
Fig. 5a). In accordance with previous experiments, we also did not
observe reduced cell growth in standard conditions after the loss of

uridylation (Supplementary Fig. 5b). Moreover, TUTase deletion
resulted in very limited changes to mRNA steady-state levels (Sup-
plementary Fig. 5c). We therefore looked for more subtle molecular
consequences of uridyltransferase deletion.
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gw3-RACE derived reads mapped to mRNA in different strains (average of two
repeats). Amounts of tails (y-axis) of a given length (x-axis) are indicated as per-
centage in all tailed reads detected. A stacked bar plot was used to visualise the split
of detected tails of a given length into three categories. The tail length equals the
number of all non-templated nucleotides (like in Fig. 2a). f For each TUT-ase
deletion strain, the change in the percentage of reads with a certain tail length over
the wild-type strain was calculated. The average fold change for the two repeats for
each tail length is depicted as a line with a standard deviation indicated as a shaded
area. g Change in the distribution of 3’-end mapping position relative to the tran-
scription end site (TES) of non-tailed reads detected in different yeast strains. A
normalised density plot was used with a maximum value of the y-axis adjusted to 1
in each plot.

Lack of uridylation leads to excessive deadenylation of mRNAs
We analysed the changes in global tail profiles that illustrate amounts
of all the tailed reads mapped to mRNA in each TUTase deletion strain
(Fig. 3e). While the global tail profile did not change in the Acid16
mutant, we noticed an increase in the fraction of short-tailed reads in
Acidl and double deletion strains (Fig. 3e). This effect was evident
when we compared the change in the percentage of detected reads
with a tail of a given length between each mutant and the wild type
strain (Fig. 3f). The fraction of reads with tails shorter than about 10
nucleotides increased around two times in cidl deletion strain and in
AcidlAcidl6 strain, while there was no change in the cidl6 deletion
strain. The increase in detected short-tailed reads was higher when we
considered only reads from 10% of genes with the highest poly(A) tail
uridylation in the wild-type strain, whilst the distribution of tail lengths
for 10% of genes with low uridylation remained unchanged (Fig. 3f).

Genome-wide 3’-RACE records both tailed and non-tailed reads.
The fraction of non-tailed reads detected in wild-type and uridyl-
transferase mutant samples did not change significantly (¢ test of mean
change between biological repeats) (Fig. 3c). We observed, however,
changes in the distribution of 3’-end mapping positions of non-tailed
reads, especially in the Acidl and the AcidlAcid16 strain. The density
profile of the non-tailed reads 3-ends mapping positions in those
strains indicates that more reads map adjacent to the annotated
transcription end site (TES) as compared to the wild-type or single
Acidl6 deletion (Fig. 3g). This trend was not observed in reads from
10% of transcripts with low uridylation frequency, while it is evident for
10% of transcripts with high uridylation frequency (Fig. 3g). Accumu-
lation of non-tailed reads in cidI deletion strain is further confirmed by
increase in number of oligouridylated mRNAs in cidI deletion (Fig. 3e
and Supplementary Fig. 4b).
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Uridylation protects 3’-end by stabilising short-tailed mRNAs
Uridylation of short poly(A) tails attracts binding of the Lsm 1-7
complex to the mRNA 3’-end, which in turn stimulates decapping fol-
lowed by 5’ to 3’ decay®”. In agreement with this, in AlsmI strain, we
observed an accumulation of poly(A) tail uridylation (Fig. 4a), and
significant global tail shortening (Fig. 4b). Deletion of cidI in a Alsm1
strain background caused loss of poly(A) uridylation, however, the
poly(A)U and oligo(U) fractions in AlsmlAcidI strain were higher than
in the cidl deletion, which we attribute to an increased contribution of
Cid16 (Fig. 4a). The Alsm1 strain exhibited a slow growth phenotype,
which was further enhanced in synthetic media. This suggests partial
auxotrophy (Fig. 4c, d and Supplementary Fig. 6a). Interestingly, we
observed that the growth phenotype of the Alsm1 strain was partially
reversed by cidl gene deletion (Fig. 4c, d).

Lsm1I gene deletion resulted in the accumulation of poly(A) uri-
dylated tails, between 8 and 14 nucleotides long (Fig. 4e). Those phe-
notypes stem from decapping inhibition which hinders 5’ to 3’ decay.
Similar accumulation is observed in the strains with deletion of genes
acting in the 5’ to 3’ decay pathway downstream of the Lsm1-7 com-
plex - exonuclease xrnl and decapping activator edcl (Fig. 4f). Accu-
mulation of shortened uridylated tails was observed for both lowly and
highly uridylated genes (Fig. 4e), indicating that all transcripts undergo
uridylation and Lsml-7 complex binding. The clear peak of short uri-
dylated poly(A) tails disappeared when cidl was deleted in the Alsm1
strain background. Instead, we observed a buildup of very short
(<10nt) poly(A) uridylated tails and oligouridylated 3"-ends (Fig. 4€), as
well as non-tailed 3’-ends located near annotated transcription end site
(TES) (Fig. 4g). Taken together, this suggests an increased level of
extensive deadenylation of mRNA in Acid1Alsm1 strain.

Interestingly, changes in transcript levels in the Alsm1I strain cor-
relate with the frequency of poly(A) tail uridylation in this strain
(Fig. 4h), which suggests a stabilising role of mRNA uridylation in this
background. Indeed mRNA half-lives calculated for 5 tested transcripts
were consistently higher in AlsmI than in AcidiAlsml strain (Welch ¢
test p value<0.007) (Supplementary Fig. 6b, c). Uridylation was
recently shown to inhibit deadenylation in vitro™. This could explain
the stabilisation and build-up of uridylated mRNAs in Alsm1 strain.
Poly(A) tail uridylation frequency in the IsmI deletion strain was
highest for transcripts of genes already exhibiting high uridylation in
the wild-type strain (Fig. 4i). Accordingly, functional categories enri-
ched among transcripts up-regulated in the AlsmI strain (Fig. 4j) were
similar to those for genes with high poly(A) tail uridylation in wild type
cells (Fig. 4k) - amino acid and glucose metabolism. Changes in poly(A)
uridylation frequency also correlated with changes in protein levels in
the Alsml strain (Fig. 41).

Uridylation regulates contribution of 3’ to 5’ decay in mRNA
turnover

In budding yeast, non-tailed mRNAs are targeted by the exosome with
the help of the conserved SKI complex. In S. pombe, the 3’ to 5’ mRNA
decay pathway may be additionally supported by Dis3I2 exonuclease
which was shown to preferentially target oligouridylated RNAs®. Single
deletions of dis3[2 or ski2 genes had no significant impact on 3'-tails
architecture (Fig. 5a), suggesting the minimal contribution of each of
the 3’ to 5’ decay pathways to bulk mRNA decay. Interestingly, we
noticed a much stronger effect when 3’ to 5’ decay was impaired in the
background of the cidl gene deletion. In those cases, deletion of either
of 3’ to 5’ decay pathways resulted in the accumulation of non-tailed
and oligo-uridylated 3’-ends (Fig. 5a), this effect was more evident in
the AcidiAski2 strain. Deletion of the ski2 gene in a AcidI strain back-
ground also resulted in mRNA mean tail shortening (Fig. 5b). The
Acid1Aski2, but not Acid1Adis32 strain grew significantly slower than
the control or parental strains (Fig. 5b, c). Observed effects were fur-
ther enhanced when the 3’ to 5’ decay pathways were impaired in the
AcidiAlsmi strain background. Deletion of dis32 or ski2 genes in

AcidIAlsm1 strain background resulted in a massive increase in the
amount of non-tailed and oligouridylated 3-ends detected (Fig. 5a).
We also observed global tail shortening and a slow growth phenotype
in both Acid1AlsmiAdis32 and AcidlAlsm1Aski2 strains (Fig. 5¢). Of note,
in all combinations ski2 deletion appeared to have a stronger effect
than dis32 gene deletion (Fig. 5a-d and Supplementary Figs. 9, 10).

Analysis of global tail profiles unravelled a more detailed picture
of the change in mRNA 3"-ends (Fig. 5d). Single deletion of dis32 or ski2
genes had no obvious effect on tail profile while deletion of dis32 gene
in Acid1 strain background led to an increase in the number of detected
poly(A) tails smaller than 10nt and oligo(U) reads. Accumulation of
short-tailed and oligo(U) reads was further enhanced in AcidlAski2
strain, and to an even greater extent in the AcidlAlsmI strain. Accu-
mulation of short-tailed and oligo(U) 3-ends in the investigated
mutants correlated with an increase in the number of non-tailed reads
mapping in proximity to the transcription end site (TES) indicating
accumulation of non-tailed mRNAs. This effect was again strongest for
Acid1Aski2 and Acid1Alsmi1Aski2 strains (Fig. Se).

Overall, we found that the contribution of 3’ to 5 pathways to
mRNA degradation in standard conditions is either minimal or very
efficiently substituted by other pathways. However, when uridylation
is compromised, the contribution of 3’ to 5" decay to mRNA turnover
grows. The increased number of detected oligo(U) 3-ends in 3’ to 5’
decay pathway mutants suggests that oligouridylation assists in
the 3’ to 5’ decay process. Both molecular and physiological pheno-
types indicate that out of two 3’ to 5’ decay routes, exosome degra-
dation is dominant, however, Dis3I2 can evidently contribute to the
process.

Discussion

We developed a robust approach called genome-wide 3’-RACE to
investigate the relationship between uridylation and different mRNA
decay pathways. We demonstrated the utility of our approach for yeast
material, where average tails are significantly shorter than in their
higher eukaryote counterparts*>**, The unique feature of gw3’-RACE
is its ability to monitor both tailed (short and long) and non-tailed
reads in an RNA sample'.

We utilised gw3-RACE to study uridylation in fission yeast. We
observed that in wild-type cells, the main targets of uridylation were
mRNAs, ncRNAs, and mitochondrially encoded RNAs (Fig. 1d). We
identified two types of uridylation: uridylation of poly(A) tails and
oligouridylation, which refers to uridylation of non-tailed RNAs. Uri-
dylation of poly(A) tails was a widespread modification, found in ~ 20%
of all detected tails, with uridine residues preferentially added to short
poly(A) tails. On the other hand, mRNA oligouridylation is a rare
modification, detected in wild-type cells in only about 0.1% of all tailed
reads. However, oligouridylation was a dominant modification of
mitochondrial RNA (mtRNA), where oligo(U) tails accounted for 20%
of all reads mapping to mtRNA (Fig. 1d). This is the first report of
uridylation of mitochondrial RNAs in fission yeast, although its func-
tional significance remains a mystery. Two terminal uridyltransferases
- Cid1 and Cid16 - were responsible for the two types of uridylation:
Cid1 catalysed most of the poly(A) tail uridylation, while Cid16 added
oligo(U) tails to non-tailed RNAs and was probably responsible for
some uridylation of very short poly(A) tails (Fig. 3a, b and Supple-
mentary Fig. 6d, e). Intriguingly, our preliminary data indicate that two
types of uridylation also occur in human cells, with mRNAs being oli-
gouridylated after deadenylation (Supplementary Fig. 9).

We found that the mean transcript tail length was the primary
determinant of mRNA uridylation frequency, with shorter tails being
uridylated more often (Fig. 2e), however, additional factors also
appeared to be involved in establishing the level of uridylation. Inter-
estingly, the group of most frequently uridylated mRNAs exhibited
different gene category enrichments compared to the group of mRNAs
with the shortest tails (Fig. 2f). Genes involved in general sugar and
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amino acid metabolism were among the most uridylated in wild-type
fission yeast cells.

Our results suggest that the uridylation of poly(A) tails in fission
yeast has a dual function. Firstly, it facilitated the binding of the Lsm1-7
complex, thereby promoting decapping and 5’ to 3’ mRNA decay”.
Deletion of the [sm1 gene led to the global accumulation of mRNAs due
to decapping inhibition and results in build-up of short poly(A)

uridylated tails (8-14 nucleotides total length), which we considered
substrates for the Lsm1-7 complex (Fig. 4e). Secondly, uridylation
prevents excessive deadenylation which in turn protects mRNA from 3’
to 5’ exonucleolitic decay. This hypothesis is supported by several
observations. Increased deadenylation was observed in the single cid1
deletion strain (Fig. 3e, f) and is enhanced by impairing of 3’ to 5’ decay
pathways (Fig. 5d). Peak of short poly(A) uridylated tails observed in
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Fig. 4 | Uridylated mRNAs accumulate the absence of Lsm1. a Changes in the
composition of mRNA 3-end architecture in different strains. Data for common
genes with more than 10 reads in both repeats for each strain (n =1335 genes).

b Distribution of mean mRNA tail lengths per gene for different strains for common
genes with more than 10 reads detected in each sample (n =1335). ¢ Growth curves
of yeast grown in YES media, depicted is an average growth curve for at least four
repeats with standard deviation indicated by a shaded area. d colony growth of
different strains in complete (YES) or synthetic (EMM) media. Yeast strains were
plated in rows in a series of 5-fold dilutions. e Distribution of tail-length of gw3'-
RACE derived fragments mapped to mRNA in different strains (average of two
repeats). Amounts of tails (y-axis) of a given length (x-axis) are indicated as per-
centages in all tailed reads detected. A stacked bar plot was used (like in Fig. 2a),
and data as in (a). f Distribution of tail-length of fragments mapped to mRNA in
different strains as in (e), (average of two repeats). g Change in the distribution of

3-end mapping positions relative to the transcription end site (TES) of non-tailed
reads. Normalised density plot was used with the maximum value of the y-axis
adjusted to 1 in each plot; data as in (a). h Relationship between uridylation fre-
quency and transcript fold change in Alsm1 relative to the wild-type strain. i Change
in mRNA uridylation frequency in Alsm1 strain (y-axis) compared to the wild-type
strain (x-axis). j Volcano plot depicting changes of mRNA expression level in AlsmI
relative to the wild-type strain. Padj was obtained by the Wald test and corrected
using the Benjamini and Hochberg method. k KEGG categories significantly enri-
ched among genes up-regulated in the AlsmI strain. Enrichment probability was
calculated using Fisher’s one-tailed test, and Bonferroni correction was used to
obtain adjusted p-values. I Pearson correlation heatmap describing the relationship
between proteome or transcriptome changes and uridylation frequency in AlsmI
strain. The correlation value is indicated as the number and colour of the heatmap
square.

AlsmI strain is lost in AcidIAlsm1 strain, which coincides with extensive
deadenylation (Fig. 4e) and accumulation of deadenylated mRNAs
(Fig. 4g). The stabilising effect of uridylation in Ismi deletion back-
ground is also supported by a positive correlation between uridylation
frequency and accumulation of transcripts and proteins in the Alsm1
strain (Fig. 4i, 1). Moreover, we observed faster decay rates in the
AcidIAlsml strain compared to the [sml deletion strain (Supplemen-
tary Fig. 6b, c).

Interestingly, the tail profile of some of the highly uridylated
genes resembles that observed in strains with inhibited 5’ to 3’ decay,
such as Alsml1 strain (Fig. 2g). This suggests that for some genes, 5" to 3’
decay rate is a turnover bottleneck and, for this group, uridylation of
partially deadenylated transcripts may be especially important.

Inhibition of 3’ to 5’ decay pathways in strains with RNA 3"-ends left
unprotected due to the deletion of cidl and/or Ism1?® led to increased
oligouridylation (Fig. 5a, d). This suggests a build-up of non-adenylated
mRNA substrates. We speculate that oligouridylation of de-adenylated
mRNAs supports their decay in the 3’ to 5’ direction, however, from our
data we cannot distinguish which of the 3’ to 5’ decay pathway depends
on oligouridylation. Nonetheless, Dis3I12 has been shown to have a
preference for uridylated RNAs in vitro and in vivo, while exosome-
mediated 3’ to 5’ decay supported by the SKI complex is conserved in
budding yeast, where uridylation is absent, and where it was shown to
target non-tailed mRNAs?. Therefore, we suggest that in fission yeast,
the Dis3I2 exonuclease targets oligo(U)-tailed mRNAs, while the SKI
complex assists the exosome in removing non-tailed and short-tailed
mRNAs. In such a scenario, an increase in oligouridylated mRNAs in the
Aski2 deletion backgrounds could be a result of the accumulation of
non-degraded exosome targets that are available for oligouridylation.

Based on our data, we propose a model of bulk mRNA decay that
takes into account the dual role of uridylation in the process (Fig. 6).
Under standard conditions, uridylation of short mRNA poly(A) tails by
Cidl helps to direct mRNA toward the 5 to 3’ decay pathway by
enhancing Lsml-7 complex binding and protecting the 3™-end from
extensive deadenylation. Transcripts that escape this pathway become
extensively or completely deadenylated and are either removed by the
exosome complex or further oligouridylated by Cidl6 and degraded
by the U-dependent Dis3I2 exonuclease. We hypothesise that uridyla-
tion protects mRNA from further shortening until a certain tail length,
thereby favouring the shift of decay balance towards the 5 to 3’
degradation pathway. However, below the critical threshold, it triggers
3’ to 5’ decay.

The main function of uridylation of poly(A) tails in fission yeast is,
therefore, to support 5’ to 3’ decay and (concomitantly) to protect
from 3’ to 5’ decay. Interestingly, the deletion of the ski2 gene in the
Acidl background results in strong growth inhibition. The SKI complex
is an important contributor to co-translational surveillance-decay
pathways®. It is tempting to speculate that the higher contribution of
3’ to 5 mRNA decay puts additional pressure on co-translational sur-
veillance due to interference between translation and decay. It was

previously suggested that the dominance of 5" to 3’ mRNA decay in
eukaryotic cytoplasm helps to avoid clashes between translation and
decay since both processes act in the same direction along the
mRNA*,

In conclusion, we provided evidence supporting the dual role of
uridylation in triggering decay and protecting against excessive
deadenylation, which helps route mRNA to the 5’ to 3’ decay pathway.
Further research will be necessary to assess the exact contributions of
differently directed decay in bulk degradation and to determine the
extent to which uridylation controls this balance.

Methods

Yeast strains and media

Wild-type S. pombe 972 strains of two mating types: h- or h+s, were
used as a control and to create all deletion mutants. Yeasts were grown
in standard conditions and media (32 °C in yeast extract with supple-
ments (YES), or in Edinburgh minimal medium (EMM).

Strains construction

For the preparation of single deletion strains standard homologues
recombination based protocol was used. The pFA6A backbone plas-
mids were used to produce recombination cassettes bearing different
antibiotic resistance®. For double and triple mutant construction,
appropriate strains were crossed and after spore dissection, strains
with the right allele combinations were selected based on antibiotic
resistance. A list of yeast strains created in this study is available in the
Supplementary File. The identity of strains was controlled by colony
PCR. Supplementary Fig. 10 confirms depletion of genes of interest in
15 mRNA degradation mutants. Selected gw3’-RACE data visualisations
for 15 mRNA degradation mutants are provided in Supplementary
Figs. 7 and 8.

Growth assays

To compare the growth of different strains in liquid media changes in
optical density (OD 600) were recorded using micro-bioreactor
Bioscreen C. Cells from overnight pre-cultures were set to OD 600
of 0.1 and grown in 100-well plates in 100 pL volume. Optical density
was measured every 15 min. Growth curves were extracted from the
data using the Pyphe growth curves Python module* and visualised
using custom R scripts. Growth statistics were calculated using
Growthcurver package®.

To compare yeast growth in solid media yeast cultures were
grown in YES in standard conditions to OD 0.5, next cells were washed
with PBS, and five-fold dilution series was prepared in a sterile 96-well
plate. Dilutions were next spotted onto agar plates using a 96 pinner.

gw3’-RACE library preparation

Yeast RNA was extracted from exponentially grown cultures with hot
phenol protocol followed by clean-up using Qiagen RNeasy Kit column
with DNase I treatment. The rRNA depletion was achieved using a
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Fig. 5 | Compromising poly(A) tail uridylation promotes 3'-5" mRNA decay.

a Changes in the composition of mRNA 3™-end architecture in different strains. Data
for genes with more than 10 reads in both repeats for each strain (n =1196 genes).
b Distribution of mean mRNA tail lengths per gene for different strains for common
genes with more than 10 reads detected in each sample (¢) Growth curves of
different yeast strains. Yeast was grown in YES media, depicted is an average growth
curve for at least four repeats with standard deviation indicated by a shaded area.
d Distribution of tail-length of gw3’-RACE derived fragments mapped to mRNA in

distance to TES (kB)

different strains (average of two repeats). Amounts of tails (y-axis) of a given length
(x-axis) are indicated as percentages in all tailed reads detected. A stacked bar plot
was used to visualise the split of detected tails of a given length into three cate-
gories. The tail length equals the number of all non-templated nucleotides (like in
Fig. 2a),; data as in (a). e Change in the distribution of 3’-end mapping positions
relative to the transcription end site (TES) of non-tailed reads detected in different
yeast strains. Normalised density plot was used with the maximum value of the y-
axis adjusted to 1 in each plot; data as in (a).
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end protection, uridylation represses the 3’ to 5" decay pathways that target pre-
dominantly excessively deadenylated transcripts. Deadenylated mRNAs are
removed by the exosome complex or can be oligouridylated by Cid16 TUTase
which targets their degradation by Dis3I2 U-dependent exonuclease.

riboPOOL kit (siTOOLs). After depletion, RNA was cleaned-up using
MiniElute Cleanup columns (Qiagen) and adenylated 3’-adaptor was
ligated using T4 RNA ligase 2 (NEB). The reaction product was purified
using MiniElute Cleanup (Qiagen) and reverse transcription was per-
formed using Superscript Il (Thermo). The product was purified using
AMPure beads and second strand synthesis was performed like in ref. 19
using E.coli DNA polymerase, E.coli DNA ligase | and NEBNext Second
Strand Synthesis Buffer. The reaction product was cleaned up using
AMPure beads. Double-stranded DNA was fragmented using tagmen-
tase (Tn5) loaded with i5 compatible adaptor. Tn5 enzyme was obtained
as described in ref. 35. Products were cleaned up using AMPure beads.
The Detailed protocol was included in the Supplementary Information
file. The final library was PCR amplified using NEXTERA index primers.
Detailed protocol, adaptors and primer sequences can be found in
Supplementary Information. Libraries were sequenced using NOVA-seq
equipment paired-end sequencing with 100nt read length. Raw
sequencing data were deposited in the Sequence Read Archive SRA
NCBI) under accession number PRINA945074.

gw3’-RACE data processing

Sequencing data were filtered for read pairs where R2 contained a 3-
adaptor sequence ligated at the first steps of the library preparation
(using text search and fastq_pair). Short reads and low-quality read pairs
were filtered out using fastp®. Reads R1 and R2 were aligned separately
to the genome using STAR aligner”, in the case of R2, settings allowed
soft-clipping and keeping non-aligned reads in the final output (.sam).
Next, using samtools (version 1.10)*® and bedtools (version 2.27.1)* uti-
lities, uniquely aligned reads were extracted from the R1 alignment file
and matched to genomic features (genes) forming a.bed type file. Bed
files were transformed into bigwig files for visualisation using the bed-
GraphToBigWig utility (version 4). In the next step, R1 reads names from
created .bed file was matched with R2 read mates from the.sam file,
custom table was created containing in each row R2 CIGAR string, read
name and sequence as well as R1 mate matched feature and R1 and R2
alignment coordinates. These raw data tables were a base for tail ana-
lysis information about the tail existence, its length and type were then
extracted from the tables using a custom Python (v3.9) script (https://
github.com/igib-rna-tails/gw3-RACE _analysis). The script extracted tail
sequence from R2 read based on CIGAR string and categorised tails as
poly(A), poly(A)U, oligo(U), or other using text search (grep regular

expressions). Noteworthy, sequencing longer homopolymers resulted
in a drop of per base sequence quality for nucleotides behind poly(A)
stretch (Supplementary Fig. 1d), which in turn prevented alignment of
R2 reads with long untemplated tails (Supplementary Fig. 1e). If R2 was
not aligned and therefore CIGAR was not available R2 3-end sequence
was scanned using text search to categorise the tail into one of the
aforementioned four categories. Tails were strictly defined with no
mismatches allowed. A and U tails of minimum 1 nucleotide and AU tails
from 3 nt were searched. Uridine residues were only permitted at the 3’
termini in the case of poly(A) uridylated tails. The tails that did not meet
the criteria were categorised into the ‘other’ tails subcategory. The
script produced as output a.csv type table with the information neces-
sary for downstream data analysis and visualisation and with sequence
of extracted tail and UMI (tables are available here https://osf.io/wtb49/
). Data was further de-duplicated using information of R1 mapping and
UMI sequence. The structure of data pre-and post de-duplication is
represented in Supplementary Fig. 11. Scripts sufficient to perform the
analysis are included in the Supplementary Information file and pipeline
schematics are provided in Supplementary Fig. 2. Some mapping and
filtering statistics for gw3’-RACE samples used in this study are provided
in Supplementary Fig. 12.

RNA-seq and differential expression analysis

RNA was extracted, and rRNA was depleted like in the gw3’-RACE pro-
tocol. Stranded RNA-seq libraries were next prepared using NEXTFLEX
Rapid Directional RNA-Seq Kit (PerkinElmer). Libraries were sequenced
using NOVA-seq equipment paired-end sequencing with 100nt read
length. Sequencing data were filtered using fastp®, and aligned to the
genome using STAR aligner version 2.7.3a*. Reads aligning to individual
genes were counted using the htseq-count module® and differential
expression analysis was performed using the DESeq2 R package™ using
the adaptive t prior shrinkage estimator from the apegim package*’.
DESeq? results tables are included in Supplementary Datasets 5-7 files.

Data analysis and visualisation

Final analysis and visualisation of the data were performed in R (version
4.0.4). Input for analysis consisted of tables deposited in OSF, and
custom functions for data filtering and calculating tail-specific values
per gene were prepared. A list of genes that were excluded from the
analysis due to documented overlap with non-coding features like sn or
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snoRNAs (16 genes) and 10 coding genes that were excluded because of
peculiar coverage patterns suggesting presence of non-coding RNAs or
technical issues is provided in Supplementary Dataset S3.

Proteomics

Proteins were extracted from exponentially growing cells and sub-
jected to reduction, alkylation, and tryptic digestions, as described
previously*’. Proteomic data was acquired using microflow chroma-
tography and SWATH-MS on a 7600 instrument (Sciex)**. Proteoms
were measured for 15 different fission yeast strains with mutated RNA
decay machinery (see strain list in Supplementary Fig. 10), and at least
5 repeats were measured for each mutant. Raw data was processed
using DIA-NN*. Differentially expressed proteins in AlsmI compared to
wt strain were identified using the DEP R package*®, analysis output can
be found in Supplementary Dataset S8.

mRNA half-life measurements

Total RNA was extracted with the hot phenol extraction method. For
northern blot analysis, total RNA (10 pg) was resolved in 1.1% agarose/6%
formaldehyde gel and transferred by capillary elution to a nylon
membrane (Amersham). Random primed probes were amplified using a
DNA template with appropriate primers (Supplementary Dataset S2)
and radioactively labelled with DecalLabel DNA Labelling Kit (Thermo
Scientific) and [0—32P]JATP (Hartmann Analytics). The oligor-
ibonucleotide probe (for 25S) was radioactively labelled using PNK
(Thermo Scientific) and [y-32P]JATP (Hartmann Analytics). Membranes
were hybridised overnight with radioactive probes in PerfectHyb buffer
(Sigma-Aldrich), washed, analysed with Phosphorlmager Typhoon FLA
9000 (GE Healthcare) and quantitated with ImageJ software. mRNA
half-life was calculated by regression of the semi-logarithmic mRNA
levels against time. 25S rRNA was used for the normalisation of
expression values. Experiments were performed in three independent
biological replicates. Raw Northern blot pictures and calculated half-
lifes are available in the OSF repository [https://osf.io/wtb49/].

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon request. Raw sequencing data were
deposited in Sequence Read Archive (SRA, NCBI) under accession
number PRJNA945074. Raw proteomics data are available via Proteo-
meXchange with the identifier PXD051392. Protein intensities calcu-
lated for individual samples are available in the OSF repository [https://
osf.io/wbxe7/]. Tables with gw3-RACE non-deduplicated data and
extracted tail sequences, as well as genomic annotation files and other
additional files, are available in the OSF repository [https://osf.io/
wtb49/]. Raw Northern blot pictures and calculated half-lifes are
available in the OSF repository [https://osf.io/wtb49/]. Source data are
provided in this paper.

Code availability

Code for gw3’-RACE analysis of raw sequencing data is available in
GitHub: https://github.com/igib-rna-tails/gw3-RACE_analysis alter-
nativelly under https://doi.org/10.5281/zenodo.12207185. Code for
post-processing is available in Supplementary methods and GitHub:
https://github.com/igib-rna-tails/gw3-RACE_vizualization.
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