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Pre-mRNA splicing is accomplished by the spliceosome, a megadalton complex that assembles de novo on each intron.

Because spliceosome assembly and catalysis occur cotranscriptionally, we hypothesized that introns are removed in the

order of their transcription in genomes dominated by constitutive splicing. Remarkably little is known about splicing

order and the regulatory potential of nascent transcript remodeling by splicing, due to the limitations of existing methods

that focus on analysis of mature splicing products (mRNAs) rather than substrates and intermediates. Here, we overcome

this obstacle through long-read RNA sequencing of nascent, multi-intron transcripts in the fission yeast Schizosaccharomyces

pombe. Most multi-intron transcripts were fully spliced, consistent with rapid cotranscriptional splicing. However, an unex-

pectedly high proportion of transcripts were either fully spliced or fully unspliced, suggesting that splicing of any given

intron is dependent on the splicing status of other introns in the transcript. Supporting this, mild inhibition of splicing

by a temperature-sensitive mutation in prp2, the homolog of vertebrate U2AF65, increased the frequency of fully unspliced

transcripts. Importantly, fully unspliced transcripts displayed transcriptional read-through at the polyA site and were de-

graded cotranscriptionally by the nuclear exosome. Finally, we show that cellular mRNA levels were reduced in genes with a

high number of unspliced nascent transcripts during caffeine treatment, showing regulatory significance of cotranscrip-

tional splicing. Therefore, overall splicing of individual nascent transcripts, 3′ end formation, and mRNA half-life depend

on the splicing status of neighboring introns, suggesting crosstalk among spliceosomes and the polyA cleavage machinery

during transcription elongation.

[Supplemental material is available for this article.]

Pre-mRNA splicing results in excision of introns and ligation of ex-

ons to produce mature mRNA. The two-step transesterification re-

action involving the 5′ and 3′ splice sites (5′ and 3′ SSs) and the

branch point sequence (BPS) is catalyzed by the spliceosome,

which assembles de novo on each intron (Wahl et al. 2009).

Global short-read sequencing (RNA-seq) of nascentRNA fromyeast

to human has revealed that most introns are removed from pre-

mRNA during transcription by RNA polymerase II (Pol II)

(Brugiolo et al. 2013). Therefore, spliceosome assembly and splic-

ing occur on nascent RNA and are closely connected to other pro-

cesses shaping mRNA expression, from the transcription process

itself to 5′ end capping, 3′ end cleavage, and mRNA decay

(Bentley2014;Herzel et al. 2017).Moreover, splicingand transcrip-

tion can influence one another to yield splicing-dependent tran-

scriptional pausing and determine alternative splicing patterns

(Schor et al. 2013; Dujardin et al. 2014; Fong et al. 2014; Saldi

et al. 2016). The mechanisms underlying coordination between

RNA processing and transcription are being intensely investigated.

Recent efforts have focused on determining the in vivo dy-

namics of gene expression in multiple species and biological con-

texts, providing insight into the coordination between splicing

and transcription. For example, transcripts with unspliced introns

can be retained in the nucleus, suggesting that regulation of splic-

ing rates can promote particular gene expression programs (Bhatt

et al. 2012; Boutz et al. 2015; Wong et al. 2016). Over the past 10

years, numerous studies have employed live cell imaging,metabol-

ic labeling, and analysis of nascent RNA to determine in vivo splic-

ing rates, which vary according tomethod and species (Alpert et al.

2017). The core spliceosome itself is highly conserved (Fabrizio

et al. 2009), yet, the length of introns, their SS and BPS diversity,

and intron number per gene increase with the complexity of the

organism. Typical human genes contain eight introns (Sakharkar

et al. 2005), which are 10 times longer than the ∼150-nt-long ex-

ons (Zhang 1998), increasing cellular demands for splicing ma-

chinery and generating vast potential for alternative splicing

(Lee and Rio 2015). These features are likely key determinants of

splicing kinetics in vivo.

The observed high frequency of cotranscriptional splicing in

Saccharomyces cerevisiae suggests efficient spliceosome assembly

(Alexander et al. 2010; Carrillo Oesterreich et al. 2010; Barrass

et al. 2015; Wallace and Beggs 2017). Recently, our lab used two

single molecule RNA sequencing methods to analyze the position

of Pol II when exon ligation occurs (Carrillo Oesterreich et al.

2016). We found that 50% of splicing events are complete when

Pol II is only 45 nucleotides (nt) downstream from 3′ SSs, indicat-

ing that the spliceosome is physically close to Pol II during cataly-

sis. This raises the important question of how splicing is achieved

in an organism that, unlike budding yeast, hasmulti-intron genes.

If splicing occurs as rapidly in multi-intron genes as in single in-

tron budding yeast genes, introns would be spliced in the order

of their transcription. The extent to which transcription deter-

mines the temporal order of intron removal is currently unknown
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due to a lack of methods that detect the order of intron removal in

nascent RNA.

Here, we address cotranscriptional splicing efficiency and the

possibility that rapid splicing imposes order on intron removal—

from first to last intron as transcriptionproceeds—in Schizosacchar-

omyces pombe, where >1200 protein-coding genes have multiple

introns. The S. pombe splicing machinery is more similar to higher

eukaryotes than to S. cerevisiae (Kaufer and Potashkin 2000), while

splicing rates are similar to those reported in S. cerevisiae (Alexan-

der et al. 2010; Barrass et al. 2015; Carrillo Oesterreich et al.

2016; Eser et al. 2016). S. pombe introns are very short, with a me-

dian length of 56 nt, whereas exon lengths are similar to higher

eukaryotes, with an internal exon lengthmedian of 137 nt (Kupfer

et al. 2004; Herzel 2015). This gene architecture is consistent with

an intron definition mechanism in S. pombe (Romfo et al. 2000;

Shao et al. 2012; Fair and Pleiss 2017), in which the 5′ and 3′ SSs

are brought together across the intron by the U1 and U2 small

nuclear ribonucleoproteins (snRNPs). Taken together, these fea-

tures suggest that splicing of individual introns in multi-intron

transcripts may occur independently of one another in S. pombe.

To globally investigate the progression of splicing during transcrip-

tion, nascent RNA (nRNA) prepared from proliferating S. pombe

cells was analyzed by both short- and long-read sequencing

(LRS). We report an unexpected coordination between splicing

of neighboring introns and polyA site cleavage.

Results

Proteomic and transcriptomic characterization

of S. pombe chromatin

To isolate nRNA, S. pombe chromatin was purified and analyzed

for RNA and protein composition (Fig. 1A). After fractionation

into cytoplasm andnuclei, nuclei were further separated into chro-

matin and nucleoplasmic fractions. Electrophoresis of nucleic

acids, Western blot analysis, and mass spectrometry were used to

evaluate the fractionation, showing enrichment of chromatin-as-

sociated proteins and genomic DNA and depletion of rRNA in

the chromatin fraction (Fig. 1B; Table 1; Supplemental Tables

S1B,C, S3). To enrich for nascent protein-coding transcripts, RNA

purified from the chromatin fraction was further depleted of

poly(A)+ RNA and rRNA, using bead-based negative selection

(Fig. 1A; Supplemental Fig. S1). Three biological replicates of this

nRNA and cytoplasmic mRNA were prepared for RNA-seq on the

Illumina platform (Supplemental Table S4). As expected, introns

and regions downstream from genes showed higher signal cover-

age in nRNA than in mRNA (Fig. 1C).

To determine the fraction of spliced introns in nRNA and

mRNA, we quantified splicing per intron (SPI) values using the

fraction of spliced junction reads compared to all junction reads

of a particular intron for the majority of introns (4481) in the

BA
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Figure 1. Transcriptome analysis of S. pombe chromatin reveals cotran-
scriptional splicing activity. (A) Schematic of nascent RNA (nRNA) purifica-
tion from chromatin for short- (RNA-seq) and long-read RNA sequencing
(LRS). (B) Enrichment of genomic DNA (DNA) and nRNA in the chromatin
fraction and depletion of rRNA (18S and 28S) and tRNA revealed by gel
electrophoresis and staining with GelStar (Lonza). Western blot analysis
with antibodies specific for chromatin-associated proteins Pol II and
Histone 3 (H3) and cytoplasmic marker proteins GAPDH and RPL5.
(C) Nascent and mRNA-seq read coverage (RPM) over a three-intron
gene and a convergent intronless gene. The pooled coverage from three
biological replicates for each cellular fraction is shown. To assess splicing
levels in nRNA and mRNA, splicing per intron (SPI) was calculated from in-
tron junction reads (Herzel and Neugebauer 2015). SPI values are shown
for these representative introns underneath the RNA-seq coverage track.
(D) Cumulative SPI distribution for S. pombe introns (nRNA, n = 4481 in-
trons; mRNA, n = 2181). Mean values (line) with standard deviation (shad-
ing) are shown for three biological replicates. Gray dashed lines indicate
the median splicing levels in the two populations (nRNA 0.59, mRNA
0.95). The inset shows how the SPI is calculated from the number of
“spliced” and “unspliced” junction reads spanning a particular intron.

Table 1. Mass spectrometry of S. pombe chromatin with a compari-
son to S. cerevisiae

S. cerevisiae S. pombe

RNA polymerases Pol I 12/14 10/14
Pol II 10/12 8/12
Pol III 12/15 7/18

Splicing factors U1 – 3/9
U2 – 6/17
Prp19 – 9/14
U5 – 2/6
Sm-Ring – 6/7
SR-like – 1/2

Nucleosomes Histones 6/6 4/6
Chromatin remodelers RSC 14/14 12/13

yINO80 10/14 11/14
SWI/SNF 8/12 7/12
ISW1 4/4 NA
ISW2 3/4 NA
CHD-type 1/1 2/2
FACT 1/2 2/2

Replication machinery Pol ε 1/5 –

MCM 6/6 –

Factor C 5/6 5/6
Factor A 2/3 1/3

Ribosome biogenesis 163/429 144/315
Other 167 197

S. cerevisiae data from Carrillo Oesterreich et al. (2010). Four hundred
thirty-seven proteins were enriched in the chromatin fraction. The table
lists the number of detected proteins relative to the number of annotated
proteins for a certain function or complex (complete list in Supplemental
Table S3). A dash indicates complete absence of subunits of a protein
complex. (NA) ISW1/2 are not present in the S. pombe genome.

Long-read sequencing of nascent RNA
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S. pombe genome (Fig. 1C,D; Supplemental Fig. S2A; Supplemental

Table S6; Herzel and Neugebauer 2015). An SPI of 1 reflects

100% splicing and an SPI of 0, no splicing of the respective

intron. The SPI distribution median for nRNA was 0.59 and for

mRNA 0.95. Hence, 50% of introns were ≥59% spliced in our

nRNA data set. We validated our splicing quantification for 33

introns by semiquantitative RT-PCR (R = 0.7) (Supplemental Fig.

S2B; Supplemental Methods; Supplemental Tables S2, S7). We

conclude that S. pombe nRNA-seq accurately quantifies cotran-

scriptional splicing levels for individual introns in the S. pombe

genome.

A multitude of intron-specific

features correlate with nascent

RNA splicing levels

We sought to correlate individual nRNA

splicing efficiencies with gene- and

intron-specific features. Global nRNA

splicing levels differed according to the

relative distance to the transcript start

and end, generally showing higher splic-

ing for internal introns (Fig. 2A). The

group of single, first, and last introns

were less efficiently spliced than internal

introns, which showed similar SPIs inde-

pendent of their position (median SPI

0.62). This trend was also detected in cy-

toplasmic mRNA (Fig. 2B), indicating

that at least some incompletely spliced

transcripts can be exported from the

nucleus. To test if first introns show gen-

erally lower splicing in individual genes,

the difference between SPIs of adjacent

introns was calculated (SPI of 5′ intron−

SPI of 3′ intron). Twenty-five percent of

intron pairs showed significant dif-

ferences in splicing levels (Fig. 2C).

Consistent with the earlier observation

of lower first intron splicing, 176 first

introns were spliced less (52% of 5′ less

group) and only 73 were spliced more

(27% of 5′ more group) than the second

intron. Next, we compared 42 intron fea-

tures, e.g., RNA-seq coverage, splice sites,

and exon and intron length, between

the more and less frequently spliced

introns in the pairs with significant

splicing differences (see Supplemental

Methods; Supplemental Tables S6, S9

for a complete overview of intron fea-

tures). Fifteen features, e.g., cytoplasmic

mRNA-seq intron coverage, 5′ SS and

BPS strength, and mRNA expression,

were significantly associated with low

or high splicing (Fig. 2D; Supplemental

Figs. S2C, S3). We conclude that first,

last, and single introns tend to be less

cotranscriptionally spliced than internal

introns.

Full-length nascent RNA sequencing of

multi-intron transcripts

To assess the order of intron removal directly, nRNAwas converted

into double-stranded cDNA for long-read sequencing on the

Pacific Biosciences platform. A DNA adaptor with five random nu-

cleotides at the 5′ endwas ligated to the 3′ end of all nascent RNAs.

This diminishes possible ligation biases from specific 3′ nucleo-

tides and preserves single molecule information (Zhuang et al.

2012; Herzel 2015; Mayer et al. 2015). Template-switching reverse

transcription enabled the generation of full-length double-strand-

ed cDNA by PCR, by attaching a universal sequence to the

5′ end (Supplemental Fig. S4). A total of eight SMRT cells yielded

169,000 high-quality, nonpolyadenylated, full-length nRNA

A B

C D

Figure 2. Pre-mRNA features that correlate with the extent of cotranscriptional splicing.
(A) Cotranscriptional splicing levels differ based on gene position. The box plot shows the distribution
ofnRNASPIs for thegroupof single introngenes and first, internal (second, third, andother), or last introns
in multi-intron genes. The box width corresponds to the respective group size. (B) mRNA splicing levels
differ between introns in different gene positions. Analogous data representation as in A. (C) One quarter
of intronsare significantly lessormore spliced than thenextdownstream(3′) intron innRNA,asdepicted in
a volcanoplot (three biological replicates). (D) 15/42 analyzed gene architecture features correlate signifi-
cantly with differentially spliced intron pairs (sequence-based in black font and RNA-seq-derived in gray
font). The smaller intron position for “low” spliced introns in a pair (first intron – 1, second intron – 2,
etc.) is consistent with enrichment of first introns in the “5′ less spliced” group. The median modified Z-
score is shown for each feature with significant difference between the “low” and “high” groups, and
the respective negative log10 of the Bonferroni-corrected P-value is given. For two features, no change
in the median modified Z-score is visible. The respective feature distribution is presented as a box plot
below. Asterisks indicate significance of direct neighbors according to the Wilcoxon rank-sum test:
(∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001, (∗∗∗∗) P < 0.0001 after Bonferroni-correction, in A, B, and D.

Herzel et al.

1010 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on August 8, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.232025.117/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


transcripts from two biological replicates (Supplemental Methods;

Supplemental Fig. S4C–G; Supplemental Table S4). Of these, 21%

mapped to intron-containing genes with a median of seven tran-

scripts per gene. Transcript counts per gene correlatedwell with ex-

pression data from nRNA-seq (Supplemental Fig. S4F).

Full-length transcript sequence informs on the history of

transcription and splicing of every RNA molecule. Nine examples

of full-length nascent transcripts from multi-intron genes are

shown in Figure 3A. Most transcript 5′ ends mapped close to the

annotated TSS or to well-defined positions downstream from the

existing annotation (e.g., SPAC16E8.15). 3′ ends correspond to

the nucleotide position of elongating Pol II at the time of cell lysis.

As seen previously for single intron nRNAs, introns were often ab-

sent when Pol II was positioned just downstream from the intron

(Fig. 3A; Supplemental Fig. S4H; Carrillo Oesterreich et al. 2016).

To evaluate the order of intron removal, it was necessary to identi-

fy partially spliced transcripts. Transcripts overlappingmultiple in-

trons were classified as “all spliced” if all introns were removed, as

“all unspliced” if all intronswere present, or as “partially spliced” if

some but not all of the introns were spliced (see Fig. 3A).

A comparison of the partially spliced transcripts identified

by LRS to our nRNA-seq data showed a highly significant overlap

between data sets (P-value = 4 × 10−8, Fisher’s exact test) (Supple-

mental Fig. S5A). To analyze partial splicing patterns with respect

to the direction of transcription, each partially spliced transcript

was classified as “in order” if unspliced introns occurred only

downstream from spliced introns, “not in order” if at least one

unspliced intron was followed by at least one spliced intron, or

“mixed” if the transcript contained one or more unspliced in-

tron(s) both upstream of and downstream from a spliced intron

(Fig. 3B). Thus, “mixed” transcripts combine both “in order” and

“not in order” splicing. The fraction of “in order” and “not in or-

der” transcripts was similar, suggesting that ordered intron remov-

al is not strictly enforced. Unspliced introns displayed low SPIs

calculated from thenRNA-seq data, reduced 5′ SS andBPS strength,

and were also associated with higher RNA-seq coverage in our

cytoplasmic mRNA-seq data set (Supplemental Fig. S5B). Compar-

ison of our nRNA LRS and published mRNA LRS data showed a

decrease of partially spliced transcripts to 43% from nRNA to

mRNA (Supplemental Fig. S5C), indicating that a substantial frac-

tion of partially spliced transcripts will be stable, polyadenylated,

cytoplasmic mRNAs that likely represent alternative mRNA

isoforms in S. pombe (Kuang et al. 2017). In conclusion, LRS of na-

scent transcripts provides a snapshot of splicing states for multi-

B

A

Figure 3. Single molecule long-read sequencing reveals predominantly “all or none” splicing of multi-intron transcripts. (A) Full-length transcripts map-
ping to nine genes with more than one intron are aligned underneath each gene diagram and color-coded according to their splicing profile. Thin lines in
transcripts indicate that the intron sequence is absent (due to splicing). Transcripts overlapping with <2 introns (“others,” gray) cannot be used to analyze
the order of intron splicing. The inset shows five transcripts of gene SPBC428.01c, highlighting two subclasses of partially spliced transcripts and that tran-
script 3′ ends refer to Pol II position. (B) All unspliced, all spliced, and partially spliced fraction in the transcriptome. The large pie chart shows the proportion
of the three splicing categories from nRNA LRS. The small pie chart depicts the fraction of partially spliced transcripts, which show intron removal “in order”
(all introns are spliced upstream of an unspliced intron in a particular transcript; compare zoom-in of SPBC428.01c in A), “not in order” (at least one intron is
unspliced upstream of a spliced intron in a particular transcript), or a mixed pattern (compare inset of SPBC428.01c in A).
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intron transcripts. The subcategory of partially spliced transcripts

recapitulates the splicing differences seen by nRNA-seq and carries

signatures of gene-specific intron retention.

‘All or none’ splicing of single transcripts predominates

The number of partially spliced transcripts (697) for the above

analysis of splicing order was surprisingly small. This caused us

to consider how many partially spliced transcripts would be ex-

pected from our data set. Given that each spliceosome assembles

anew on every intron in each transcript and that S. pombe introns

are mainly defined by intron definition, we had expected that pre-

mRNA splicing events of neighboring introns would be indepen-

dent of one another. This is illustrated in a prediction for all

expressed S. pombe intron-containing genes with more than one

intron (Fig. 4A), utilizing the intron splicing frequencies from

our nascent RNA-seq data. In this scenario, 81% of transcripts

would be either partially or completely spliced. This prediction

was not recapitulated by our LRS data, in which 84% of transcripts

were either completely spliced or unspliced. Only 16% of tran-

scripts were partially spliced, 2.8 times less than expected if splic-

ing of adjacent introns were independent of each other (Fig. 4A).

To challenge the robustness of this unexpected finding, a sim-

ilar analysis was carried out on a gene-by-gene basis for 100 genes

with 10 or more transcripts spanning multiple introns. For 99 of

those genes, the observed fraction of “all or none” splicing was

greater than the predicted fraction (Fig. 4B). To estimate the degree

of co-association between individual splicing events, we calculated

a co-association score defined as the log2-fold change of the ob-

served and predicted fraction of “all or none” transcripts (Fig.

4C; Supplemental Fig. S5E). Note that the maximal co-association

score increases with increasing intron number (Supplemental Fig.

S5F). Most genes had co-association scores close to the maximal

possible score (Fig. 4C; Supplemental Fig. S5G). This quantifica-

tion shows that partial transcript splicing is the exception in

S. pombe. Furthermore, each gene’s tendency for co-association is

not influenced by the number of introns (Supplemental Fig.

S5G). Here, the combined analysis of short- and long-read nRNA

sequencing data enabled us to distinguish between completely

spliced RNAs, RNAswith retained introns, or completely unspliced

RNAs. The analysis reveals that if splicing occurs, it will occur

quickly andmay stimulate splicing of downstream introns. If splic-

ing does not occur quickly, subsequent introns tend to be retained.

This apparent “all or none” splicing of individual transcripts was

completely unexpected.

Mild global splicing inhibition increases ‘all unspliced’ transcripts

The above findings suggest that an unspliced intron might nega-

tively impact the splicing of neighboring introns within the same

transcript. To test this hypothesis, we profiled cotranscriptional

splicing in the mutant prp2-1 strain in which splicing levels are re-

duced after 2 h at the nonpermissive temperature (Fig. 5A;

Supplemental Fig. S6A,B; Sridharan et al. 2011; Lipp et al. 2015).

Consistent with the role of prp2 (the homolog of mammalian

U2AF65) in 3′ SS recognition, splicing levels were reduced by half

in prp2-1 (Fig. 5B,C), while global differences in transcription

were not detected (Supplemental Fig. S6E). LRS was performed on

nRNA in three biological replicates fromprp2-1 andWTcells, show-

ing that the proportion of “all unspliced” transcripts increased

from40%to59% in prp2-1withonlyminor changes in the fraction

of “partially spliced” transcripts (Fig. 5B,D). This proportionate in-

crease in “all unspliced” transcripts is consistent with proposed

negative cooperativity among unspliced introns (Supplemental

Fig. S6C). Finally, we reasoned that if unspliced transcripts were

predominantly degraded, the relatively mild inhibition of cotran-

scriptional splicing by prp2-1 should specifically reducemRNA lev-

els for intron-containing genes. Indeed, reanalysis of prp2-1 and

WT mRNA expression data (Lipp et al. 2015) showed stronger

down-regulation of mRNA levels for intron-containing genes

than intronless genes in prp2-1 (Fig. 5E). Thus, increased levels of

“all unspliced” nascent transcripts in prp2-1 is consistent with a

pervasive inhibitory effect on the splicing of the other introns in

the same transcript and with accompanying destabilization of

mRNAs that failed to undergo splicing.

Failure to splice cotranscriptionally reduces cytoplasmic

mRNA levels

Down-regulation of mRNA levels caused by degradation of

unspliced pre-mRNAs suggests a possible mechanism for fine-tun-

ing gene expression through changes in cotranscriptional splicing

CB

A

Figure 4. High degree of splicing co-association in multi-intron tran-
scripts. (A) Predicted and observed “all unspliced,” “all spliced,” and “par-
tially spliced” fractions in the transcriptome. Left panel: Prediction of
splicing categories from nRNA-seq, assuming each intron is spliced inde-
pendently of neighbors. Predicted values were calculated for the first
two introns of genes with two and more introns for nRNA. Middle panel:
Proportion of the three splicing categories from nRNA LRS as in Figure
3B. Right panel: Proportion of the three splicing categories from total
mRNA LRS (data from Kuang et al. 2017). (B) Predominant “all or none”
splicing in multi-intron genes. The predicted fraction of “all or none”
splicing (fraction of all spliced or unspliced transcripts calculated from
nRNA-seq, assuming splicing independence) is plotted against the ob-
served fraction of “all or none” splicing for 100 genes with 10 or more
LRS transcripts. (C) Co-association of splicing is close to the maximal pos-
sible co-association value. A co-association score was calculated as the
log2-fold change of the observed (LRS) to predicted (RNA-seq) fraction
of “all or none” splicing. The maximal possible co-association score for
2-, 3-, and 4-intron genes was calculated [log2(1/gene splicing)] and plot-
ted versus the mean gene splicing value (solid line). Co-association scores
for individual genes fall below or on top of this line, suggestingmaximal co-
association for most genes (median 86%, calculated as the ratio of the ob-
served co-association score over the maximal co-association score at a par-
ticular gene splicing). Outliers are indicated as lighter points and can be
explained by inconsistencies in gene annotation.
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efficiency. To determine whether this could be globally physiolog-

ical, genes were grouped into two classes following nRNA- and

mRNA-seq expression quantification using Cufflinks (Trapnell

et al. 2010): (1) genes with mRNA levels lower than nRNA levels;

and (2) genes with mRNA levels higher than or similar to nRNA

levels. Higher mRNA levels than nRNA levels can arise in cases

where the mRNA half-life is long (Supplemental Fig. S6F).

Identical mRNA and nRNA levels would suggest that transcription

levels define mRNA expression. In contrast, if mRNA levels were

lower thannRNA levels, RNAdecaymust have reduced the fraction

of mRNA. For group 1 genes, the average pre-mRNA splicing levels

were significantly lower than for group 2 genes, consistent with a

contribution from unspliced RNAs to establishing mRNA expres-

sion levels (Fig. 6A).

Next, we used caffeine treatment to shift gene expression

programs through physiologically relevant cell signaling. Expo-

nentially growing S. pombe cells were treated with 10 mM caf-

feine for 15 min (Fig. 6B), which elicits a cellular response

similar to nitrogen starvation (Rallis and Bahler 2013). Gene ex-

pression and splicing profiles were quantified by nRNA-seq and

cytoplasmic mRNA-seq in three biological replicates. In agree-

ment with the previous study, ∼1500

mRNAs changed levels significantly af-

ter treatment (Fig. 6C; Supplemental

Fig. S7A). No significant global splicing

changes were detected by meta-analysis

(Supplemental Fig. S7B). However, po-

tential changes in transcription could

cancel out effects on splicing. To deter-

mine if cotranscriptional splicing levels

alone correlate with mRNA levels, we

identified genes among the up- and

down-regulated mRNAs whose nascent

RNA levels did not change with treat-

ment; in that group, significantly lower

cotranscriptional splicing frequencies

were observed for the down-regulated

mRNAs only (Fig. 6D), showing that

failure to splice cotranscriptionally low-

ers gene expression.

Coordination of splicing status, polyA

site cleavage, and nuclear degradation

Known links between splicing and

downstream RNA processing events

(Herzel et al. 2017) led us to determine

whether the persistence of unspliced

introns impacts polyA site cleavage.

Indeed, 574 genes in our WT data sets

were associated with transcripts that

contained unspliced introns and had 3′

ends located downstream from anno-

tated polyA cleavage sites (Fig. 7A–C;

Supplemental Table S8), indicative of

transcriptional read-through. The ma-

jority of read-through transcripts were

completely unspliced (Fig. 7B) and were

validated by RT-PCR (Supplemental Fig.

S8A). Conversely, 95% of polyadenyl-

ated transcripts were completely spliced

(Supplemental Fig. S8D). The strong

correlations between splicing and polyA cleavage and, conversely,

between unspliced introns and transcriptional read-through sug-

gest that polyA cleavage is faster for spliced transcripts than

unspliced transcripts. Given our previous evidence that unspliced

transcripts are preferentially degraded (see above), we postulated

that unspliced, read-through transcripts might be degraded

rather than further processed. Indeed, total RNA-seq data from a

nuclear exosome subunit deletion strain (Δrrp6) showed a general

increase in the prevalence of unspliced RNA and higher sequencing

read coverage downstream from polyA sites (Fig. 7D; Supplemental

Fig. S8B; Zhou et al. 2015). We validated the dramatic loss of

unspliced, read-through transcripts through exosome-mediated

degradation by RT-qPCR (Fig. 7E). These findings demonstrate

that splicing cooperativity among introns extends to coordination

with polyA site cleavage and mRNA stability or decay.

Discussion

Here, we have tested the prediction that rapid cotranscriptional

splicing in S. pombe enforces the removal of introns in the order

CA

E

B

D

Figure 5. Inhibition of pre-mRNA splicing increases “all unspliced” nascent transcripts and reduces
mRNA levels. (A) Left panel: Schematic of the workflow in the temperature-sensitive prp2-1 mutant
and WT strains at nonpermissive temperatures. Right panel: RT-PCR shows increased levels of unspliced
nascent RNA in the prp2-1mutant after 2 h of growth at 37°C for two introns compared to the WT 972h-
strain. −RT control was loaded in lanes (empty) adjacent to the +RT samples. (B) Nascent RNA WT and
prp2-1 LRS read coverage over two genes. (C) Bar plot indicating splicing frequency for single intron
genes in prp2-1 relative to WT at 37°C calculated from LRS data. The standard deviation from three
biological replicates is given, and asterisks indicate significance according to the Student’s t-test ([∗∗∗]
P < 0.001). (D) Comparison of the “all unspliced,” “all spliced,” and “partially spliced” fractions in the
transcriptome in WT and prp2-1. (E) Reduced mRNA levels for intron-containing genes compared to
intronless genes in prp2-1 at 37°C. Cumulative distribution of expression changes between prp2-1 mu-
tant and WT for intron-containing and intronless genes (data from three replicates from Lipp et al.
2015; P-value from Kolmogorov–Smirnov test between intronless and intron-containing group).
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of their transcription. In depth analysis of nascent RNA by short-

and long-read sequencing revealed that distinct populations of

fully spliced, fully unspliced, and partially spliced nascent RNA

are uniquely detectable by LRS. The preponderance of fully

spliced nascent transcripts indicates that splicing proceeds

rapidly and efficiently in the order of intron synthesis with

few exceptions. Moreover, we show that fully unspliced nascent

transcripts—the majority of unspliced introns—undergo read-

through transcription and are degraded in the nucleus. This

evidence provides new insights into cotranscriptional splicing.

Specifically, bulk determinations by short-read RNA-seq yield

cotranscriptional splicing efficiencies on a per intron basis, rang-

ing from 45%–84% depending on the species and platform

(Brugiolo et al. 2013; Herzel and Neugebauer 2015). It is generally

assumed that remaining introns are post-transcriptionally spliced.

Instead, our findings indicate that, at least in S. pombe, the major-

ity of introns that are not spliced cotranscriptionally will be de-

graded. We demonstrate that degradation of unspliced RNA

contributes significantly to shaping the transcriptome in response

to cellular stimuli. This suggests that a specific mechanism(s) for

crosstalk among spliceosomes and the polyA site cleavage ma-

chinery underlies cooperativity among neighboring introns, lead-

ing to “all or none” splicing of individual

transcripts. These points are discussed

below.

Our analysis highlights intensive

chromatin-associated splicing activity

in S. pombe. Mass spectrometry of the

isolated chromatin fraction identified

numerous splicing factors that were

not detected in S. cerevisiae chromatin

(Carrillo Oesterreich et al. 2010). This

likely reflects the 10× higher number of

intron-containing genes in the S. pombe

genome and is consistent with cotran-

scriptional splicing and/or the retention

of post-splicing intron lariat spliceo-

somes on chromatin (Chen et al. 2014).

Analysis of splicing frequency on a per

intron basis from nascent RNA-seq

showed that most S. pombe introns

are spliced cotranscriptionally (median

0.59), which is lower than in S. cerevisiae

(median 0.74), Drosophila, or human

cells (Brugiolo et al. 2013). Notably, 5%

ofmRNAs contain introns; recent studies

suggest that translation of retained in-

trons contributes to protein diversity

in S. pombe (Duncan and Mata 2014;

Kuang et al. 2017). Intron length is often

associated with reduced cotranscrip-

tional splicing (Brugiolo et al. 2013).

However, we (see Fig. 2A; Supplemental

Fig. S2C) and others (Eser et al. 2016;

Burke et al. 2018) find that intron length

is one of the fewparameters that does not

correlate with nascent RNA splicing fre-

quency in S. pombe, while 5′ SS and BPS

strength do. Low cotranscriptional splic-

ing of first introns in S. pombe and other

species suggests that the first intron can

persist while downstream introns are

spliced (Kessler et al. 1993; Khodor et al. 2011, 2012; Tilgner

et al. 2012).

Full-length nascent transcript sequences reveal the life histo-

ry of individual (pre-)mRNAs that cannot be inferred from conven-

tional short-read sequencing. Long-read sequencing has been

previously used to characterize full-length mRNA splicing prod-

ucts (Sharon et al. 2013; Kuang et al. 2017). Here, we used it to an-

alyze full-length nascent transcripts—splicing substrates and

intermediates—relative to the progression of transcription which

is marked by nascent RNA 3′ ends. Full-length sequencing of

individual nascent RNAs also enabled us to determine the fate

of unspliced transcripts. Most often, unspliced nascent transcripts

fail to undergo polyA site cleavage, leading to read-through tran-

scription and RNAdegradation by the nuclear exosome. Therefore,

our data complement prior reports showing that unspliced tran-

scripts are degraded in an rrp6-dependent manner (Bousquet-

Antonelli et al. 2000; Bitton et al. 2015; Zhou et al. 2015; Kilchert

et al. 2016). Our work does not exclude the action of additional

degradation pathways for unspliced transcripts, like the nuclear

5′
–3′ exonuclease Dhp1/Rat1/Xrn2 and cytoplasmic nonsense-

mediated decay (Vargas et al. 2011; Davidson et al. 2012; Girard

et al. 2012; Kervestin and Jacobson 2012; Brogna et al. 2016;

C D

A B

Figure 6. Cotranscriptional splicing correlates with higher mRNA levels. (A) Box plot of nRNA and
mRNA gene splicing levels after grouping according to cytoplasmic mRNA levels relative to nRNA levels
([∗∗∗] P < 0.001, Wilcoxon rank-sum test). (B) Experimental outline to induce changes in gene expression
upon caffeine treatment in S. pombe cells. (C) Correlation of mRNA expression values between the two
conditions identifies 1477 differentially expressed genes (FDR-adjusted P-value < 0.05, FDR≤0.05; 566 of
those are intron-containing). (D) Cumulative distribution of nRNA gene splicing differences between caf-
feine treatment and control. Only genes without significant changes in nRNA levels but significant differ-
ences in mRNA expression were considered ([∗∗∗∗] P < 0.0001, Kolmogorov–Smirnov test between
“mRNA expression up” [n = 52] and “mRNA expression down” [n = 65] group).
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Kilchert et al. 2016). Although higher coverage will be required to

investigate Pol II dynamics, LRS of nascent RNA represents an ad-

ditional powerful approach for investigating RNA processing from

synthesis to decay.

Physical interactions have been detected between spliceoso-

mal components and the nuclear decay machinery to provide a

layer of surveillance based on splicing fidelity (Nag and Steitz

2012; Zhou et al. 2015; Herzel et al. 2017). Our findings suggest

that these interactions take place cotranscriptionally, explaining

why poor cotranscriptional splicing upon caffeine treatment

(this study) correlates with lowered mRNA levels independent

of transcriptional changes and possibly why splicing levels within

mRNA correlate with expression levels (Wilhelm et al. 2008).

An increased mRNA half-life was observed in vitro when splicing

occurred in a transcription-coupled system (Hicks et al. 2006).

Thus, cooperativity could drive splicing to completion, allowing

fully spliced transcripts to evade decay. Conversely, fully unspliced

transcripts might be degraded more efficiently. Perhaps these

transcripts arise during the process of shutting down gene expres-

sion. For example, read-through transcription and inhibition of

splicing can occur during mitosis, cellular senescence, and/or un-

der conditions of cellular stress (Leong et al. 2014; Shalgi et al.

2014; Muniz et al. 2017; Vilborg et al. 2017), and these transcripts

are remarkably short lived. Taken together, the link between

B

D

C E

A

Figure 7. Coupling between cotranscriptional splicing, polyA site cleavage, andmRNA stability. (A) Examples of intron-containing genes with unspliced
transcripts extending over the polyA site. Black triangles mark the polyA cleavage sites. Full representation of all sequenced transcripts in Supplemental
Figure S8B. (B) Pie charts reflecting the fraction of spliced and unspliced transcripts in single or multi-intron genes with 3′ ends either within the gene
body or downstream from the polyA site cleavage site. (C ) 3′ end profiles downstream from annotated polyA cleavage sites for different transcript classes.
Data are binned in 20-nt intervals and normalized to the first bin (−20 nt – 0 nt from polyA cleavage site). (D) WT and Δrrp6 total RNA-seq read coverage
over the same example gene as in A is shown (log-scale). Counts per nucleotide were normalized to library size. Data reanalyzed from Zhou et al. (2015).
The inset zooms into the region downstream from the annotated polyA site. (E) Nascent transcript levels with 3′ ends extending over the polyA site
are increased in the exosome mutant Δrrp6. RT-qPCR from Δrrp6 and WT strains confirmed higher levels of nascent RNA uncleaved at the polyA cleavage
site, using qPCR primers to generate amplicons (black line above gene diagram) bridging (polyA) or downstream (post-polyA) from the polyA cleavage
site (RT with random hexamers). SDs from four biological replicates are given. Asterisks indicate significance according to Student’s t-test: (∗∗) P < 0.01,
(∗∗∗) P < 0.001.
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cotranscriptional splicing and mRNA half-life is likely an impor-

tant determinant of mRNA levels.

Is cooperativity among splicing eventswidespread?We found

that a single spliced or unspliced intron can mediate positive and

negative effects on the splicing of other introns within the

transcript. Our results in vivo are completely consistent with

previous in vitro experiments showing that splicing of multi-

intron transcripts is more efficient following an initial intron re-

moval event (Crabb et al. 2010). In S. cerevisiae, constitutive splic-

ing of the two-intron SUS1 gene has been found to occur

cooperatively (Bonde et al. 2014). Co-association, the likelihood

that distinct splicing events are correlated, has been detected for

multiple alternative splicing events in human cells, C. elegans,

and S. pombe (Fededa et al. 2005; Glauser et al. 2011; Tilgner et al.

2015, 2018; Kuang et al. 2017). A recent study concluded that splic-

ing is regulated by adjacent processing events, based on the de-

duced order of intron removal from human paired-end RNA-seq

(Kim et al. 2017). In the context of alternative cassette exons, up-

stream intron removal can be delayed relative to a downstream in-

tron, although it may already be committed to splicing (de la Mata

et al. 2010; Kim et al. 2017). Thus, this underappreciated phenom-

enon of splicing co-association has been observed in multiple spe-

cies in total RNA. Here, it is extended to full-length nascent RNA,

detecting intermediate states in RNA processing before and after

splicing and enabling further mechanistic insights into how cross-

talk is mediated.

Cooperativity among splicing events andwith polyA cleavage

likely occurs at the level of assembling spliceosomes. High local

concentrations of splicing factors at sites of active transcription

might promote splicing when the splicing machinery is at nonsa-

turating levels or in competition with RNA decay (Crabb et al.

2010; Marguerat et al. 2012; Munding et al. 2013). Similarly, cellu-

lar concentration of polyadenylation factors has been linked to

coupled alternative polyadenylation and splicing (Movassat et al.

2016). Additional features contributing to cooperativity may in-

clude the local chromatin environment and/or changes in Pol II

(Gunderson and Johnson 2009; Gunderson et al. 2011; Patrick

et al. 2015; Milligan et al. 2017; Neves et al. 2017; Nissen et al.

2017). An EM tomography study of the Balbiani ring 3 gene con-

taining 38 introns suggested that only one spliceosome may asso-

ciate with each nascent RNA at any given time (Wetterberg et al.

2001). While this remains to be tested in other systems, spliceoso-

mal components can remain associated with multi-intron pre-

mRNAs during splicing (Crabb et al. 2010; de la Mata et al.

2010). This would be consistent with the possibility that the pres-

ence of prespliceosomal components, assembling spliceosomes, or

remaining spliceosomal components after splicing may enhance

or antagonize cooperativity among introns (Huang et al. 2002;

Crabb et al. 2010; Chen et al. 2014). Inmammalian cells, U2AF in-

teracts directly with the polyA cleavage machinery (Vagner et al.

2000; Millevoi et al. 2006), while U1 snRNP interactions with na-

scent RNA—particularly in first introns—suppress premature

polyA cleavage, prevent polyadenylation, and enhance transcrip-

tion elongation through the gene’s entirety (Gunderson et al.

1998; Berg et al. 2012; Park and Hannenhalli 2015; Oh et al.

2017; Chiu et al. 2018). Perhaps U1 snRNP lingering on unspliced

introns promotes elongation and inhibits cleavage at correct polyA

sites, producing read-through transcription. The overrepresenta-

tion of unspliced first introns in all organisms tested leads us to

speculate that splicing of the first intron represents a tipping point

in a transcript-specific decision of whether to proceed with tran-

scription, splicing, and 3′ end formation.

Methods

S. pombe strains, genome version, and annotation

For strain information, refer to Supplemental Table S1. S. pombe ge-

nome version EF2 (http://goo.gl/PuaBni) and gene annotation

ASM294v2.31 were used (Supplemental Table S5; Eser et al. 2016).

RNA preparation

Nascent RNA was prepared as described (Carrillo Oesterreich et al.

2016) and used for nascent RNA sequencing and long-read se-

quencing (Supplemental Methods). Poly(A)− RNA was obtained

using oligo(dT)-coated magnetic beads binding to poly(A)+ RNA

(Dynabeads mRNA DIRECT Micro Purification kit, Life

Technologies). rRNAwas removed from ∼5 µg chromatin-associat-

ed poly(A)− RNA using the Ribo-Zero Gold rRNA Removal kit

(Yeast) from Epicentre/Illumina.

Short-read RNA sequencing

For RNA-seq of different cellular fractions, RNA samples were sub-

mitted to the Yale Center for Genome Analysis (YCGA). Poly(A)+

RNA-depleted, rRNA-depleted nascent RNA, and cytoplasmic

poly(A)+ RNA were analyzed by single-end RNA-seq with 76-bp

read length. Random hexamer primed Illumina libraries were pre-

pared with standard protocols.

Mapping short-read RNA-seq data to the S. pombe genome

Data were mapped to the genome with TopHat2 (version 2.0.12)

(Kim et al. 2013). RNA-seq coverage was adjusted for library size,

excluding reads mapped to rDNA regions, weighted using the

R-package edgeR (Robinson et al. 2010). To determine gene expres-

sion values between replicates and different samples, Cufflinks

version 2.2.1 (Trapnell et al. 2010) and Cuffdiff were used.

Intron splicing quantification

For intron splicing calculation, junction reads originating from

spliced and unspliced transcripts were extracted from all mapped

reads and matched with annotated introns using BEDTools inter-

sect (version 2.20.1) (Quinlan and Hall 2010). The sum of all split

reads per 5′ SS was divided by the sum of the 5′ SSs split read count

and the average of unsplit reads over 5′ and 3′ SSs per intron. This

resulted in a splicing score (splicing per intron) ranging from0 to 1,

with 1 being 100% spliced (Herzel and Neugebauer 2015). A cutoff

of at least 10 reads per junction to report an SPI was applied.

3′ end ligation and long-read sequencing library preparation

3′ end ligation and long-read sequencing library preparation of

poly(A)+ and rRNA-depleted, chromatin-associated RNA was

done as described previously (Carrillo Oesterreich et al. 2016).

Sample-specific barcodes were included in the PCR oligonucleo-

tides (Supplemental Table S2) for the three prp2-1 cDNA libraries

and the corresponding 972h- cDNA libraries. Double-stranded

cDNA (>1 µg) was submitted to the Yale Center for Genomic

Analysis for Pacific Biosciences library preparation and sequencing

with standard protocols (SMRTbell Template Prep kit 1.0).

Sequencing was done with either diffusion- or magbead-loading

(further details in Supplemental Methods).

Long-read sequencing data processing and mapping

3′ end linker sequences, Clontech adaptor sequences (SMARTer

cDNA synthesis kit, Clontech), and the 5-nt random 3′ barcode
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were removed with cutadapt (Martin 2011) and the FASTX-Toolkit

(http://hannonlab.cshl.edu/fastx_toolkit/index.html). Processed

reads were mapped to the respective genome using GMAP

(Wu and Watanabe 2005). To remove potential mRNA contami-

nants, reads ending within ±100 nt of an annotated polyA site

and short poly(A) tails (>4 nt) were removed from the data set.

Classification of multi-intron transcripts

Reads overlapping completely with multiple introns were consid-

ered multi-intron transcripts. If the number of exons in a read was

identical to the number of overlapping introns + 1, a read was con-

sidered to be “all spliced.” If the block count was 1 irrespective of

the number of overlapping introns, a read was considered to be

“all unspliced.” Reads which had a block count > 1 but fewer block

counts than the number of overlapping introns + 1 were classified

as “partially spliced” (further details in Supplemental Methods).

Prediction of transcript splicing status from nRNA-seq

To determine the expectation of the abundance of partially spliced

transcripts, in the case that individual intron splicing is indepen-

dent of each other, we assume that the SPI, calculated from

short-read RNA-seq, reflects the probability of splicing of a partic-

ular intron in the chromatin fraction at steady state. Further, we as-

sume that the gene expression values from nRNA-seq reflect an

estimate of relative transcript number per gene in the chromatin

fraction at steady state. For each intron, “spliced” or “unspliced”

sampling with replacement was performed according to its SPI

and the average transcript number per gene. Simulated data were

combined into a matrix with columns representing each intron

and rows representing each transcript. If a row contained both

“spliced” and “unspliced” column entries, it was classified as “par-

tially spliced.” If a row contained only “spliced” or only

“unspliced” column entries, it was classified as “all spliced” or

“all unspliced,” respectively. In the gene-specific analysis, a nu-

merical solution using SPIs as splicing probability was calculated

(Supplemental Methods). From the gene-specific observed and

predicted fraction of “all or none” splicing, we calculated a co-as-

sociation score, which we define as the log2-ratio between the ob-

served and predicted fraction of “all or none” splicing.

Data access

The sequencing data from this study have been submitted to the

NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.

nih.gov/geo/) under accession number GSE104681. Multiplexed

WT and prp2-1 CCS reads can be downloaded from Harvard

Dataverse doi:10.7910/DVN/PW1KEG (Herzel 2017).
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