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The Nrd1-like protein Seb1 coordinates
cotranscriptional 3′ end processing and
polyadenylation site selection
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Termination of RNA polymerase II (RNAPII) transcription is associated with RNA 3′ end formation. For coding
genes, termination is initiated by the cleavage/polyadenylation machinery. In contrast, a majority of noncoding
transcription events in Saccharomyces cerevisiae does not rely on RNA cleavage for termination but instead ter-
minates via a pathway that requires the Nrd1–Nab3–Sen1 (NNS) complex. Here we show that the Schizosacchar-
omyces pombe ortholog ofNrd1, Seb1, does not function inNNS-like termination but promotes polyadenylation site
selection of coding and noncoding genes. We found that Seb1 associates with 3′ end processing factors, is enriched at
the 3′ end of genes, and binds RNA motifs downstream from cleavage sites. Importantly, a deficiency in Seb1 re-
sulted in widespread changes in 3′ untranslated region (UTR) length as a consequence of increased alternative pol-
yadenylation. Given that Seb1 levels affected the recruitment of conserved 3′ end processing factors, our findings
indicate that the conserved RNA-binding protein Seb1 cotranscriptionally controls alternative polyadenylation.

[Keywords: 3′ end processing; Nrd1; polyadenylation; S. pombe; Seb1; transcription termination]
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Termination of RNA polymerase II (RNAPII) transcrip-
tion is a critical step of gene expression that is functional-
ly associatedwithRNA3′ end formation and release of the
nascent transcript from the site of transcription. For most
protein-coding genes, current data suggest a model in
which transcription termination is initiated by the cotran-
scriptional recruitment of 3′ end processing factors to the
C-terminal domain (CTD) of the largest subunit of RNA-
PII (Porrua and Libri 2015). The CTD consists of a succes-
sion of heptad repeats with the consensus amino acid
sequence Y-S-P-T-S-P-S, which is subjected to a plethora
of stage-dependent post-translational modifications that
control the recruitment of various RNAprocessing factors
(Corden 2013). One of these CTD modifications, phos-
phorylation of Ser2 (Ser2P), gradually increases as tran-
scription elongation progresses and peaks at the 3′ end

of mRNA-encoding genes. Ser2P is in fact important for
the recruitment of 3′ end processing factors in both bud-
ding yeast (Saccharomyces cerevisiae) and human cells
(Ahn et al. 2004; Kim et al. 2010; Nojima et al. 2015), con-
sistent with the overall conservation of 3′ end processing
factors (Xiang et al. 2014). The transfer of 3′ end processing
factors from the transcription complex onto the nascent
transcript involves the recognition of a functional polya-
denylation [poly(A)] signal (PAS) composed of cis-acting
RNA elements that define the site of pre-mRNA cleavage
(Shi and Manley 2015). The nascent pre-mRNA is sub-
sequently cleaved by an endonuclease (Ysh1 in S. cerevi-
siae; CPSF73 in humans), generating a free 3′ end for the
poly(A) machinery. Endonucleolytic cleavage also gener-
ates an uncapped 5′ end to the RNA downstream from
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the cleavage site, providing an entry point for a 5′–3′ exo-
nuclease (Rat1 in S. cerevisiae; Xrn2 in humans) that has
been proposed to chase RNAPII and promote its dissocia-
tion from the DNA template, a mechanism of transcrip-
tion termination referred to as the torpedo model (Kim
et al. 2004b; Fong et al. 2015).
In addition to mRNA-coding genes, RNAPII is also re-

sponsible for the synthesis of many noncoding RNAs
(ncRNAs), including small nuclear RNAs (snRNAs),
small nucleolar RNAs (snoRNAs), and cryptic unstable
transcripts (CUTs). In S. cerevisiae, transcription termina-
tion of these ncRNAs does not rely on the 3′ end process-
ing machinery but on a mechanism that requires the
activity of the Nrd1–Nab3–Sen1 (NNS) complex (Porrua
and Libri 2015). Furthermore, whereas termination at pro-
tein-coding genes correlates with Ser2P, NNS recruit-
ment to the CTD is influenced by Ser5P via the CTD
interaction domain (CID) of Nrd1 (Gudipati et al. 2008;
Vasiljeva et al. 2008a). The presence of specific RNA se-
quence motifs is crucial to subsequently engage the
NNS complex onto nascent ncRNAs via the RNA-bind-
ing properties of Nrd1 andNab3 (Creamer et al. 2011; Por-
rua et al. 2012; Schulz et al. 2013; Webb et al. 2014).
Interestingly, transcription termination by the NNS com-
plex does not appear to be associated with endonucleolyt-
ic cleavage of the nascent RNA but rather functions by a
mechanism that dislodges RNAPII from the DNA tem-
plate via the helicase activity of Sen1 (Porrua and Libri
2013). Another important feature of NNS-dependent ter-
mination is its functional association with the exosome
complex of 3′–5′ exonucleases, which contributes to 3′

end trimming of snRNA/snoRNA precursors and the rap-
id degradation of products of pervasive transcription
(Arigo et al. 2006; Thiebaut et al. 2006; Vasiljeva and Bur-
atowski 2006).
Interestingly, genome-wide studies indicate that perva-

sive transcription is widespread in not only S. cerevisiae
but also many other species, including humans (Jensen
et al. 2013). However, despite the many studies that
have underscored the critical role of the S. cerevisiae
NNS complex in limiting the extent of pervasive tran-
scription, the conservation of NNS-like transcription ter-
mination across eukaryotic species has remained elusive.
Human SCAF8 and Schizosaccharomyces pombe Seb1
share a common protein domain architecture with S. cer-
evisiaeNrd1, including a conserved RNA recognitionmo-
tif (RRM) and a CID (Meinhart and Cramer 2004). Fission
yeast Seb1 was in fact shown to function in heterochro-
matin assembly via binding to ncRNAs originating from
pericentromeric repeats (Marina et al. 2013), which is
reminiscent of the silencing function ofNrd1 at ribosomal
DNA and telomeric loci (Vasiljeva et al. 2008b). As yet,
however, it remains unknown whether S. pombe Seb1
and human SCAF8 function in NNS-like transcription
termination.
Here, we set out to characterize NNS-like transcription

termination in S. pombe and disclose its functional rele-
vance in transcriptome surveillance. Unexpectedly, pro-
teomic analysis of Seb1-associated proteins found no
evidence for an NNS-like complex but rather identified

several mRNA 3′ end processing factors. Furthermore,
transcriptome-wide analysis of Seb1–RNA associations
revealed widespread binding downstream from poly(A)
sites. The functional significance of this RNA-binding
pattern was demonstrated by increased levels of alterna-
tive mRNA poly(A) in Seb1-depleted cells, resulting in
global changes in 3′ untranslated region (UTR) lengths.
Our data suggest that Seb1 controls poly(A) site selection
by promoting the recruitment of specific cleavage/poly(A)
factors at the 3′ ends of genes via a mechanism linked
to transcription elongation kinetics. Our findings reveal
that regulation of 3′ UTR length is a cotranscriptional pro-
cess controlled by the recruitment of the Seb1 RNA-bind-
ing protein at the 3′ ends of genes.

Results

Global RNAPII transcription termination defects
in Seb1-depleted cells

To examine whether an NNS-like complex exists in
S. pombe, amino acid sequence comparisons against the
fission yeast proteome identified gene products with sub-
stantial sequence homology with S. cerevisiae Nab3 and
Nrd1: 22% and 29% identical (53% and 57% similar) to
S. pombe SPAC3H8.09c (Nab3) and SPAC222.09 (Seb1),
respectively. Interestingly, the fission yeast genome ex-
presses two distinct Sen1 paralogs, SPAC6G9.10c (Sen1)
and SPBC29A10.10c (Dbl8), which show 26% and 27%
identity (58% similarity), respectively, to S. cerevisiae
Sen1. Surprisingly, only theNRD1 homolog seb1 is essen-
tial for viability in S. pombe, which is in contrast to S. cer-
evisiae, where NRD1, NAB3, and SEN1 are all essential
genes. We also found that the S. pombe dbl8Δ/sen1Δ dou-
ble mutant was viable (data not shown).
The S. cerevisiaeNNS complex is well known for its in-

volvement in termination of noncoding transcripts such
as snoRNA genes (Porrua and Libri 2015). To test whether
this function is conserved in fission yeast, we measured
RNAPII density along a snoRNA gene (Fig. 1A) by chro-
matin immunoprecipitation (ChIP) assay in strains in
which genes encoding for putative orthologs of the bud-
ding yeast NNS complex were either deleted (nab3,
sen1, or dbl8) or expressed under the control of the thia-
mine-sensitive nmt1 promoter in the case of the essential
seb1 gene (Pnmt1-seb1). In wild-type cells, RNAPII ChIP
signals showed the expected gradual decline as transcrip-
tion progresses downstream from the snR3 gene (Fig. 1B).
Deletion of nab3, sen1, and dbl8 as well as the dbl8Δ/
sen1Δ double deletion did not markedly affect this
RNAPII profile (Fig. 1B). In contrast, the depletion of
Seb1 in thiamine-supplemented medium resulted in in-
creased levels of RNAPII at the 3′ end of snR3 relative to
the wild-type strain grown in the same conditions (Fig.
1B, see regions 4–5), consistent with transcription ter-
mination defects. A similar RNAPII profile was observed
after Seb1 depletion using a CTD-independent ChIP ap-
proach that used a strain expressing an HA-tagged version
of a core RNAPII component, Rpb3 (Fig. 1C). Readthrough
transcription was also observed by analyzing the
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distribution of elongating RNAPII by a transcription run-
on (TRO) assay, revealing increased production of nascent
RNA at the 3′ end of snR3 in Seb1-depleted cells (Fig. 1D,
E). Therefore, a substantial proportion of RNAPII that ter-
minates downstream from snR3 in wild-type cells fails
to terminate in Seb1-deficient cells. Importantly, global
analysis of RNAPII levels in Seb1-depleted cells by
ChIP-seq (ChIP combined with high-throughput sequenc-
ing) revealed widespread transcription termination de-
fects that were not limited to noncoding genes (Fig. 1F)
but were also apparent at protein-coding genes (Fig. 1G,

H). Plotting the cumulative levels of RNAPII binding
relative to annotated cleavage/poly(A) sites indicated a
clear shift in polymerase density downstream from the
noticeable decline observed in wild-type cells (Fig. 1I).
This demonstrates that transcription termination defects
are a general feature of Seb1-depleted cells. Importantly,
the cumulative RNAPII profile of Seb1-depleted cells
was not biased by a specific class of gene or restricted to
a particular genomic arrangement, as mRNA-, snoRNA-,
and snRNA-encoding genes all showed transcription ter-
mination defects as well as both tandem and convergent

Figure 1. Transcription termination defects in Seb1-depleted cells. (A) Schematic of the snR3 snoRNA locus. Bars above the gene show
the positions of PCR products used for ChIP analyses in B and C. p(A) refers to the poly(A) site of the 3′ extended precursor (Lemay et al.
2010). (B) ChIP analyses of RNAPII density along the snR3 gene using extracts prepared fromwild-type and the indicated mutant strains.
ChIP signals (percent input) were normalized to region 1. Error bars indicate SD. n = 3 biological replicates from independent cell cultures.
(C ) ChIP analyses of HA-tagged Rpb3 (Rpb3-3XHA) along the snR3 gene in Seb1-depleted cells (Pnmt1-seb1) or control (wild-type) cells. Er-
ror bars indicate SD. n = 3 biological replicates from independent cell cultures. (D) Schematic showing the position of probes (1–5) used for
TRO assays along the snR3 snoRNA locus. (E) Representative TRO blot for snR3. (F–H) RNAPII profiles (ChIP-seq) across the snR3 (F ),
rps2 (G), and fba1 (H) genes for the indicated strains. (W)Watson strand; (C) Crick strand; (RPM) reads permillion. (I ) Cumulative RNAPII
profile relative to poly(A) sites in the indicated strains. Curves show the sum of normalized ChIP-seq sequencing scores over a genomic
region covering the major poly(A) site.
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gene pairs (Supplemental Fig. S1). These results indicate
that a deficiency in Seb1 causes widespread defects in
RNAPII termination at coding and noncoding genes,
which is in contrast to S. cerevisiae Nrd1, which mainly
functions at ncRNAs. The functional divergence between
S. pombe Seb1 and S. cerevisiaeNrd1 was further demon-
strated by the inability of Seb1 to complement loss of
Nrd1 functions in S. cerevisiae, while expression of
Nrd1 did not complement loss of Seb1 functions in
S. pombe (Supplemental Fig. S2A–E). We conclude that
Seb1 and Nrd1 are not functional homologs.

Seb1 associates with proteins involved in mRNA 3′ end
processing and is enriched at the 3′ ends of genes

To elucidate the mechanism by which a deficiency in
Seb1 results in transcription termination defects, we
decided to identify Seb1-associated proteins using a

functional His-TEV-protein A-tagged version of Seb1
(Seb1-HTP) expressed from its endogenous chromosomal
locus. Purification of Seb1 (Fig. 2A) coupled to mass spec-
trometry resulted in the identification of 471 Seb1-associ-
ated proteins (Supplemental Table S1). Consistent with
the conclusion that Seb1 does not function in NNS-like
transcription termination, Nab3- and Sen1-specific pep-
tides were not identified in the Seb1 purification, while
only three Dbl8-specific peptides were detected (2.1% se-
quence coverage). We next used computer algorithms
(Berriz et al. 2009) to distinguish functional protein clas-
ses within the top 10% of the Seb1-associated proteins.
Notably, a significant number of proteins involved in
mRNA 3′ end processing were enriched among the top
10% (P = 7.96−6, Fisher’s exact test) (Fig. 2B; Supplemental
Table S2): Rna14 from the cleavage factor 1A (CF1A) com-
plex as well as Cft1, Cft2, Ysh1, and Pta1 from the cleav-
age and poly(A) factor (CPF) complex (Xiang et al. 2014).

Figure 2. Seb1 interacts with the 3′ end processing machinery and is enriched at the 3′ ends of genes. (A) Coomassie blue staining of pro-
teins copurified with Seb1-HTP (lane 2) and from a control untagged strain (lane 1). The arrow indicates the position of Seb1-HTP. (B) A
subset of the top 10% of Seb1-associated proteins identified by liquid chromatography-tandemmass spectrometry (LC-MS/MS) is shown.
The intensity represents the relative abundance (peptide intensity), while the percentage of coverage and the peptide number represent the
unique peptide sequence coverage and the number of unique peptides, respectively. (C,D) Immunoblot analyses of whole-cell extracts
(WCE) (lanes 1,2) and IgG-sepharose precipitates ([IP] IgG) (lanes 3–5) prepared from control Seb1-Myc cells or Seb1-Myc cells coexpressing
a TAP tag version of Ysh1 (C ) or Cft2 (D). (Lanes 4,5) Purification experimentswere performed in the absence or presence of the benzonase
nuclease. (E–G) ChIP-seq analysis of Seb1-HTP occupancy along the snR3 (E), fba1 (F ), and rps2 (G) genes. (W) Watson strand; (C) Crick
strand; (RPM) reads per million. (H) Heat map of Seb1 DNA-binding sites derived fromChIP-seq for all RNAPII transcribed genes. Genes
were sorted by length and aligned at their transcription start sites (TSSs). The curved line represents the poly(A) sites. Strength of binding is
coded from white (no binding) to dark blue (strong binding).
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Reciprocal immunoprecipitation assays confirmed the
nuclease-resistant association between Seb1 and Ysh1
(Fig. 2C) as well as between Seb1 and Cft2 (Fig. 2D). Col-
lectively, 18 components predicted to be part of the S.
pombe cleavage and poly(A) machinery were copurified
with Seb1 (Supplemental Table S2).

The purification of Seb1 also identified factors predicted
to function in transcription termination, such as Dhp1,
Rhn1, and Din1 (Fig. 2B; Supplemental Table S2), which
share homology with Rat1, Rtt103, and Rai1, respective-
ly—three proteins that are required for termination of
RNAPII transcription in S. cerevisiae (Kim et al. 2004b).
In addition, core components of RNAPI and RNAPII com-
plexes (P = 2.552−5, Fisher’s exact test) (Fig. 2B) as well as a
significant number of proteins involved in ncRNA pro-
cessing (P = 3.812−13, Fisher’s exact test) (Fig. 2B) were
identified in the top 10% of Seb1-associated proteins.

Binding profiles of mRNA 3′ end processing factors
by ChIP tend to show recruitment at the 3′ ends of genes
(Bentley 2014). Consistent with the copurification of
Seb1withmRNA3′ end processing factors, ChIP-seq anal-
ysis of Seb1 indicated strong enrichment at the 3′ end of
snoRNA-encoding (Fig. 2E) and mRNA-coding (Fig. 2F,
G) genes, with genome-wide cross-linking in the vicinity
of poly(A) sites (Fig. 2H). Notably, the 3′ end enrichment
profile of Seb1was irrespective of gene length or gene class
(Fig. 2H; Supplemental Fig. S3A–D), consistent with the
generalized transcription termination defects observed
in Seb1-deficient cells (Fig. 1). In contrast, a 3′ end enrich-
ment of Seb1 was not observed at RNAPI and RNAPIII
transcribed genes (Supplemental Fig. S3E,F), suggesting a
mode of 3′ end recruitment specific to RNAPII transcrip-
tion. Together, the protein interaction network and the
ChIP-seq analysis of Seb1 strongly support a general role
in 3′ end processing and transcription termination.

Seb1 controls poly(A) site selection

According to current models of transcription termination
(Porrua and Libri 2015), at least two mechanisms could
account for the generalized increase in readthrough tran-
scription in Seb1-deficient cells. First, Seb1 could pro-
mote 3′ end processing (PAS recognition and/or mRNA
cleavage), which, according to the torpedo model, would
result in termination defects in conditions of Seb1 defi-
ciency. Alternatively, Seb1 could function subsequent to
mRNA cleavage by promoting dissociation of RNAPII
from the DNA template following passage through PAS
elements. If Seb1 functions after pre-mRNA cleavage, 3′

end processing defects are not expected; in contrast, if
Seb1 regulates pre-mRNA cleavage, defects in 3′ end pro-
cessing are expected in Seb1-depleted cells. To distinguish
between these models, we compared the landscape of
poly(A) site selection between Seb1-deficient and control
cells by 3′ region extraction and deep sequencing (3′

READS), an approach developed to map mRNA cleavage
sites at the genome-wide level (Hoque et al. 2013). Out
of 5393 genes with mappable poly(A) we found that 3013
genes (55%) showed a change in poly(A) site decision in
Seb1-depleted cells relative to the control (Fig. 3A): Two-

thousand-four-hundred-eighty-four genes (82%) showed
lengthening of the 3′-most exon (Supplemental Table S3,
red), whereas 529 genes (18%) had shorter 3′-most exons

Figure 3. Seb1 levels affect poly(A) site selection. (A) Regulation
of APA site utilization in the 3′-most exon as determined by
3’READS. The number of genes with a significantly lengthened
3′ UTR (red dots) and the number of genes with a significantly
shortened 3′ UTR (blue dots) are indicated in the graph. Signifi-
cantly regulated isoforms are those with a P-value of <0.05 (Fish-
er’s exact test). Only the two most abundant isoforms for each
gene were analyzed. (B) Distribution of 3’READS-derived poly
(A) sites relative to the upstream stop codon. The major poly(A)
site is the onewith the highest number of reads per gene.Mapped
poly(A) sites in Seb1-depleted cells, as compared with wild-type
cells, are, on average, significantly more distant from the stop co-
don. P-value < 2.22−16 by Wilcoxon rank-sum test. (C–H)
3’READS profiles and Northern blot analyses of fba1 (C,D),
rps21 (E,F ), and rpl29 (G,H) genes in the indicated strains. (W)
Watson strand; (C) Crick strand; (RPM) reads per million. 3′ ex-
tended transcripts that accumulate in the Seb1-depleted condi-
tion are shown (3′-ext). (I ) RNA expression changes for
transcripts with 3’ extended 3′ UTRs in wild-type and Seb1-de-
pleted cells as measured by RNA-seq. (RPKM) Reads per kilobase
per million. The coefficient of determination (R2) is indicated.
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(Supplemental Table S3, blue). The preferential use of dis-
tal poly(A) sites in the seb1 mutant resulted in a signifi-
cant increase in median 3′ UTR length (Fig. 3B): from
168 nucleotides (nt) in wild-type to 256 nt in Seb1-defi-
cient cells. Importantly, the seb1 mutant showed in-
creased heterogeneity in poly(A) site positions relative to

wild-type cells: Analysis of relative abundance for the
top three poly(A) sites (based on abundance in wild-type
cells) for each gene indicated a significant decrease for
themost abundant poly(A) site in the seb1mutant relative
to the wild type (Supplemental Fig. S4A); in contrast, sec-
ondary poly(A) sitesweremore frequently used in the seb1
mutant (Supplemental Fig. S4B,C). Examples of coding
and noncoding genes whose cleavage site positions were
strongly affected by a Seb1 deficiency are shown in Figure
3, C–H, and Supplemental Figure S4, D–K. In eukaryotes,
alternative poly(A) (APA) has the potential to influence
the stability, translation, and localization of a given
mRNA through the inclusion or exclusion of cis-acting el-
ements in the 3′ UTR (Tian andManley 2013).We thus ex-
amined whether the changes in poly(A) site position
observed in the seb1 mutant influenced mRNA abun-
dance by analyzing standard RNA sequencing (RNA-seq)
data. Interestingly, the 3′ UTR-lengthening phenotype
detected in the seb1 mutant did not markedly change
mRNA abundance (Fig. 3I). In sum, these results indicate
that Seb1 functions in poly(A) site selection.

The CID and RRM domains of Seb1 are required
for poly(A) site selection

Although our results suggest that Seb1 is not the function-
al homolog of S. cerevisiae Nrd1, Seb1 shares extensive
homology with the CID (34% identity/70% similarity)
and the RRM (46% identity/76% similarity) of Nrd1 (Sup-
plemental Fig. S5A). In fact, Seb1 copurified with a GST-
tagged version of the S. pombeCTD that was coexpressed
in fission yeast (Materne et al. 2015) but notwith a control
GST fusion protein (Fig. 4A, lanes 11,12), consistent with
the notion that Seb1 can interact with the CTD of Rpb1.
In contrast, a pull-down assay of the GST-CTD did not

Figure 4. Seb1 requires functional CID andRRMdomains for ac-
curate 3′ end processing and transcription termination. (A) Immu-
noblot analysis of whole-cell extracts (WCE) (lanes 1–6) and
glutathione-sepharose pull-downs (lanes 7–12) prepared from
the indicated strains expressing either GST-CTD (odd-numbered
lanes) or a control GST fusion protein (even-numbered lanes). (B)
Bars above the rps2 gene show the positions of PCRproducts used
for ChIP analyses. (C ) RNAPII ChIP analysis using extracts pre-
pared from the Pnmt1-seb1 conditional strain containing genomi-
cally integrated constructs that express the indicated versions of
Flag-tagged Seb1 (wild type, CIDmut, Ser5mut, and RRMmut) (see
the text; Supplemental Fig. S5a for description) as well as an emp-
ty control vector (EV). Cells were grown in the presence of thia-
mine to deplete endogenous Seb1. Error bars indicate SD. n = 3
biological replicates from independent cell cultures. (D) Northern
blot analysis of rps2 mRNA from the indicated strains. The rps2
3′ extended transcripts are shown (3′-ext). (E) ChIP analyses of
wild-type and mutant versions of Seb1-Flag along the rps2 gene.
Control wild-type cells with an empty vector (black bars) were
used as a negative control for the anti-Flag ChIP assays. Error
bars indicate SD. n = 3 biological replicates from independent
cell cultures. (F ) Tenfold serial dilutions of the indicated strains
were spotted on thiamine-free (left) or thiamine-containing (right)
minimal medium.
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recover a non-CID-containing protein (Fig. 4A, lane 7). We
next tested whether the predicted CID domain of Seb1
was necessary for normal 3′ end processing/transcrip-
tion termination by taking advantage of previously deter-
mined CTD–CID structures (Meinhart and Cramer 2004;
Lunde et al. 2010; Kubicek et al. 2012). In these structures,
the CTD adopts a β-turn conformation that docks into a
CID hydrophobic pocket via a set of conserved residues
that, based on sequence alignment, would involve Tyr64
(Y64), Asp67 (D67), and Arg71 (R71) of Seb1 (Supplemen-
tal Fig. S5A). We therefore generated a mutant allele
that expressed a version of Seb1 (CIDmut) with substitu-
tions at these particular residues. Wild-type and CIDmut

alleles of seb1 were chromosomally integrated as a single
copy into the Pnmt1-seb1 conditional strain, and the extent
towhich theCIDmutant restored the transcription termi-
nation defects induced by depletion of endogenous Seb1
was examined byRNAPII ChIP assays along the rps2mod-
el gene (Fig. 4B). It should be noted that the converging
ret3 gene is barely transcribed by RNAPII (Fig. 1G) and
is therefore unlikely to contribute to the ChIP signal
downstream from rps2. As can be seen in Figure 4C, the
CIDmut version of Seb1 showed increases in RNAPII levels
at the 3′ end of rps2 that were similar to Seb1-depleted
cells (Pnmt1-seb1+EV), suggesting that the ability of Seb1
to interact with the CTD of Rpb1 is important for its func-
tion in 3′ end processing. This conclusion was supported
by RNA analyses, demonstrating altered poly(A) site se-
lection in cells that expressed the CIDmut version of
Seb1 (Fig. 4D, lane 4).

In budding yeast, the preferential binding site of Nrd1 is
formed after Ser5P of the CTD (Gudipati et al. 2008; Vasil-
jeva et al. 2008a). To test the possibility that Ser5P is im-
portant for Seb1 recruitment and function, we expressed a
version of Seb1 with amino acid substitutions at con-
served residues (Ser5mut) (Supplemental Fig. S5A) that
were previously shown for S. cerevisiae Nrd1 to signifi-
cantly decrease binding to the Ser5PCTD andwere neces-
sary for Nrd1-dependent RNA processing (Kubicek et al.
2012). Strikingly, the Ser5mut version of Seb1 fully re-
stored the defects in transcription termination (Fig. 4C)
and 3′ end processing (Fig. 4D, lane 6) induced by the
depletion of endogenous Seb1, arguing against a role for
Ser5P in Seb1 recruitment and function.

As Seb1 was shown to associate with ncRNA (Marina
et al. 2013), we examined whether its function in 3′ end
processing required RNA recognition. To test this, we
substituted conserved residues in the Seb1 RRM that
were shown for Nrd1 to be absolutely required for RNA
binding (Supplemental Fig. S5A; Bacikova et al. 2014).
Substitutions in the RRM domain of Seb1 (RRMmut) re-
sulted in readthrough transcription (Fig. 4C) and affected
poly(A) site selection (Fig. 4D, lane 5), similar to Seb1-de-
ficient cells (Fig. 4D, lane 2). Moreover, we found that the
CID and RRM mutants of Seb1 were affected in their re-
cruitment at the 3′ end of rps2 (Fig. 4E, see region 2). In
contrast, the Ser5mut version of Seb1 showed only a mod-
est reduction in cross-linking (Fig. 4E), consistentwith the
absence of defects in 3′ end processing and transcription
termination for this mutant. Importantly, the 3′ end pro-

cessing/transcription termination defects observed for
the CID and RRM mutants were not the consequence of
a problem in protein stability (Supplemental Fig. S5B).
The extent to which the different Seb1 mutants restored
the growth defect induced by a Seb1 deficiency also corre-
latedwith the levels of 3′ end processing/transcription ter-
mination defects (Fig. 4F). Taken together, these data
argue that the function of Seb1 in 3′ end RNA processing
and transcription termination is enforced by a specific
mode of recruitment at the 3′ ends of genes that involves
its CID and RRM domains.

Seb1 binds GUA-containing motifs downstream
from cleavage sites

The functional requirement of the Seb1 RRM domain for
the selection of 3′ end cleavage sites prompted us to exam-
ine the position and sequence specificity implicated in
Seb1 RNA recognition. We used our functional HTP-
tagged version of Seb1 to map RNA interactions of Seb1
at the transcriptome-wide level by UV-induced RNA–pro-
tein cross-linking and analysis of cDNA by high-through-
put sequencing (CRAC) (Granneman et al. 2009). Briefly,
actively growing cells were UV-irradiated to forge cova-
lent bonds between proteins and RNA and were subjected
to affinity purification under stringent conditions to re-
cover Seb1-associated RNAs (Supplemental Fig. S6A–C),
which were analyzed by high-throughput sequencing.
Only a very small number of mappable reads were recov-
ered from the untagged negative control samples, roughly
400–1000 times less compared with the Seb1-tagged sam-
ples. A breakdown of hits from two independent CRAC
experiments revealed that nearly 70% of Seb1-associated
RNAs originate from protein-encoding genes and inter-
genic regions (Fig. 5A). Specifically, a genome-wide cover-
age plot showed that the majority of Seb1 RNA binding
mapped downstream from genome annotations corre-
sponding to ORFs or ncRNAs (Supplemental Fig. S6D),
which is consistent with the genome-wide localization
of Seb1 as determined by ChIP-seq. Examples of Seb1
binding downstream from mRNA cleavage sites as deter-
mined by CRAC are shown in Figure 5B. Globally, analy-
sis of the hit distribution across annotated poly(A) sites
revealed preferential binding of Seb1 50–100 nt down-
stream from cleavage sites (Fig. 5C, green plot and right
axis), a profile that generally matched the distribution of
mapped microdeletions (Fig. 5C; red plot and left axis),
which can be used to precisely map protein–RNA interac-
tions (Granneman et al. 2009)

Next, we searched for overrepresented sequences in
Seb1 read contigs using the pyMotif algorithm from the
pyCRAC package (Webb et al. 2014). Among the top-scor-
ing k-mers (4-mers to 8-mers) recovered from both CRAC
experiments (Supplemental Table S4), a clear GUA trinu-
cleotide core was identified, which was surrounded by
A/U and A/G as 5′ and 3′ nucleotides, respectively (Fig.
5D). Remarkably, the identified Seb1 consensus sequence
is nearly identical to the GUA(A/G)-binding motif previ-
ously reported for Nrd1 (Creamer et al. 2011; Wlotzka
et al. 2011; Porrua et al. 2012; Schulz et al. 2013; Bacikova
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et al. 2014; Schaughency et al. 2014), suggesting that se-
quence-specific recognition by the RRM domains of
Seb1 and Nrd1 has been conserved despite divergent roles
in RNA metabolism. Mapping the top Seb1 tetramers
identified by CRAC (GUAG and UGUA) (Supplemental
Table S4) along all fission yeast genes showed a strong en-
richment downstream from cleavage sites, whereas gene
bodies were markedly depleted of Seb1-binding motifs
(Fig. 5E). In contrast, control tetramers with similar base
composition but lacking the GUA trinucleotide core
showed relatively even distribution along genes (Fig. 5E).
Consistent with a role in recruiting Seb1, we found that
genes containing either GUAG or UGUA Seb1 motifs at
the 3′ end produced significantly higher levels of read-
through transcripts in Seb1-depleted cells than genes
without the motif (Supplemental Fig. S7C). Similarly,
genes that demonstrated strong Seb1 RNA cross-linking

at the 3′ end as determined byCRACproduced greater lev-
els of readthrough transcripts in the absence of Seb1 than
genes showing no Seb1 RNA interactions (Supplemental
Fig. S7E).
To address the functional significance of the identified

Seb1 consensus motif, we analyzed 3′ end processing of
the GFP mRNA expressed under the control of the rps2
promoter (∼0.5 kb) and downstream (∼1.0 kb) elements
(Fig. 5F). In wild-type cells, the GFP mRNA used the
normal rps2 poly(A) site located 89 nt downstream from
the stop codon (Fig. 5F,G, lane 2). In contrast, the GFP
mRNAproduced a 3′ extended transcript that used a distal
poly(A) site located 376 nt downstream from the stop co-
don in Seb1-depleted cells (Fig. 5F,G, lane 3). Importantly,
changing the consensus GUA trinucleotide motifs found
downstream from the rps2 cleavage site to CAC (see Fig.
5F) resulted in the accumulation of a readthrough GFP

Figure 5. Seb1 binds to GUA-containing
motifs downstream from poly(A) sites. (A)
Distribution of Seb1-bound reads between
transcript classes for two independent
CRAC experiments. (B) Seb1 CRAC
cDNA read distribution (red) and 3’READS
profile (blue) of rps2 and pgk1 genes in a
wild-type strain. (W) Watson strand; (C)
Crick strand; (RPM) reads per million. (C )
Cumulative Seb1 RNA-binding sites rela-
tive to annotated poly(A) sites. The green
curve (right Y-axis) shows the number of
reads per nucleotide position, which is a
measure of the binding preference. The
red curve (left Y-axis) shows the number
of deletions per nucleotide position, which
is an indication of direct cross-linking. (D)
Sequence logo of Seb1 cross-linking sites
derived from the WebLogo application
(Crooks et al. 2004) using the top 10 pyMo-
tif-derived k-mers from each CRAC experi-
ment. (E) Average gene distribution of
tetrameric motifs derived from the Seb1
CRAC data (GUAG and UGUA) and con-
trol tetramers with shuffled dinucleotides
(AGGU and UAUG). (F ) Schematic of the
rps2-GFP-rps2 construct used to address
the functional significance of the Seb1 con-
sensus motif in poly(A) site selection.
Shown is a 405-nt region that includes the
last seven codons of the GFP mRNA (in
green) as well as the major poly(A) site of
the GFP-rps2 mRNA detected in wild-
type (G shown in red; +89 from stop codon)
and Seb1-depleted (T shown in blue; +376
from stop codon) cells, as determined by 3′

RACE. The AAUAAA poly(A) signals are
italicized in orange. Sequences in bold
show Seb1 consensus motifs with the
GUA core underlined. In mutant #1, the

GUA core of the three Seb1 binding motifs located upstream of the wild-type rps2 cleavage site was mutated to CAC, whereas mutant
#2 introducedCACmutations in the eight Seb1-bindingmotifs located downstream from the rps2 cleavage site. (G) Northern blot analysis
using total RNA prepared fromwild-type (lanes 1,2,4,5) and Seb1-deficient (lane 3) cells that express either wild-type (lanes 2,3) or mutant
(mutant #1 [lane 4] andmutant #2 [lane 5]) versions of theGFP-rps2 construct. Cells were grown in the presence of thiamine. The blot was
analyzed using probes specific for the GFP mRNA and 25S rRNA.
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mRNA identical to the one detected in Seb1-depleted
cells (Fig. 5G, cf. lanes 3 and 5). However, changing
GUA consensus motifs located upstream of the rps2
cleavage site did not markedly alter poly(A) site selection
(Fig. 5G, lane 4). We also found that the presence of Seb1
consensus motifs was important for 3′ end processing of
a snoRNA (Supplemental Fig. S8). Together, our results
support a model in which Seb1 promotes poly(A) site se-
lection by binding onto nascent transcripts via a mecha-
nism that relies on the recognition of GUA-containing
motifs present downstream from 3′ end cleavage sites.

Seb1 promotes the recruitment of cleavage
and poly(A) factors

Given the copurification of Seb1 and cleavage/poly(A) fac-
tors (Fig. 2), the binding of Seb1 50–100 nt downstream
from cleavage sites (Fig. 5), and its ability to favor proper
poly(A) site selection (Fig. 3), we sought to investigate
whether a deficiency in Seb1 influenced the recruitment
of components of the 3′ end processing machinery. We

thus monitored the recruitment of four independent fac-
tors that belong to the CF1A (Rna14 and Clp1) and CPF
(Ysh1 and Cft2) complex by ChIP assays. TAP-tagged ver-
sions of Rna14, Clp1, Ysh1, and Cft2 were all functional,
as no growth phenotype was detected compared with
the control untagged strain (Supplemental Fig. S9A), and
their expression was not affected by the depletion of
Seb1 (Supplemental Fig. S9B–E). These 3′ end processing
factors showed maximal recruitment near the poly(A)
site of rps2 in normal cells (Fig. 6A–E, region 2), consistent
with ChIP data from S. cerevisiae and human cells (Lica-
talosi et al. 2002; Kim et al. 2004a; Glover-Cutter et al.
2008). In contrast, this binding profile was lost for all test-
ed proteins in Seb1-depleted cells, showing no accumula-
tion around the poly(A) site and, accordingly, a flat
distribution (Fig. 6A–E). Because rps2 (and protein-coding
genes in general) showed slightly lower levels of total
RNAPII in Seb1-deficient cells (Fig. 1G–I; Supplemental
Fig. S1A), we normalized the recruitment data to total po-
lymerase levels as measured by RNAPII ChIP signal per-
formed with the same extracts. The normalized data

Figure 6. Seb1 levels affect the cotran-
scriptional assembly of the cleavage/poly
(A) machinery. (A) Bars above the rps2
gene show the positions of PCR products
used for ChIP analyses. (B–E) ChIP assays
of TAP-tagged versions of Rna14 (B), Clp1
(C ), Ysh1 (D), and Cft2 (E) in wild-type
and Seb1-depleted cells (Pnmt1-seb1). An un-
tagged control strain was used to monitor
the background signal of the ChIP assays.
(F–I ) Recruitment of 3′ end processing fac-
tors as a ratio of total RNAPII at the
3′ end of rps2 (region 2). ChIP signal of
TAP-tagged 3′ end processing factors was
divided by the total RNAPII signal at region
2. Region 2 was analyzed because it repre-
sents the location of maximal 3′ end pro-
cessing factor recruitment. Error bars
indicate SD. n = 3 biological replicates
from independent cell cultures. (∗) P <
0.05, Student’s t-test.
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revealed significant defects in Rna14 and Cft2 recruit-
ment, whereas Clp1 andYsh1 levels were similar between
Seb1-deficient and control cells (Fig. 6F–I). Importantly,
similar results were obtained for a snoRNA-encoding
gene (Supplemental Fig. S9F–L), indicating that this defec-
tive recruitment pattern is not limited to mRNA-coding
genes. We conclude that Seb1 functions in poly(A) site se-
lection by promoting the cotranscriptional recruitment of
components of the 3′ end processing machinery.

Reduction of transcription elongation rates attenuates
the poly(A) site selection defects of Seb1-deficient cells

Despite the absence of a global reduction in RNA levels
(Fig. 3I), a general reduction in total RNAPII levels was ob-
served in gene bodies in Seb1-deficient cells (Fig. 1F–I;
Supplemental Fig. S1). Such an observation may be indic-
ative of a change in the transcription elongation rate. To
determine whether transcription kinetics contributes to
poly(A) site selection by Seb1, we grew wild-type and
Seb1-depleted cells in the presence of 6-azauracil (6-AU),
which slows down transcription elongation and increases
RNAPII pausing (Mason and Struhl 2005). Treatment of
wild-type cells with 6-AU resulted in a slight decrease in
mRNA levels (Fig. 7A,B, cf. lanes 1 and 2), consistent
with reduced transcription kinetics. Notably, the addition
of 6-AU to Seb1-deficient cells resulted in a marked
changed in the ratio between proximal and distal mRNA
isoforms compared with untreated cells. Specifically,
6-AUpartially restored thealteredpoly(A) site selection re-
sulting from a Seb1 deficiency by increasing the levels of
the normal short isoform, concurrent with reducing the
levels of the distal isoform (Fig. 7A,B, cf. lanes 3 and 4).
These results show that slowing down transcription rates
lessens theneed for Seb1 in selectingproper3′ endcleavage
sites, suggesting an important role for RNAPII elongation
kinetics in Seb1-dependent poly(A) site selection.

Discussion

In this study, we identified an unexpected role for Seb1 in
poly(A) site selection and termination of RNAPII tran-
scription. We also provide a framework of how Seb1
cotranscriptionally promotes accurate 3′ end processing,
thereby controlling the length of 3′ UTRs. These findings
are significant, as they provide novel insights into the
poorly understood mechanism that coordinates transcrip-
tion and cleavage site selection, which underlie gene reg-
ulation by APA.

NNS-like transcription termination is not
evolutionarily conserved

In S. cerevisiae, transcription termination of noncoding
genes does not depend on the mRNA 3′ end processing
machinery but generally relies on a pathway that requires
the NNS complex, which targets released transcripts to
the RNA exosome for degradation or processing (Porrua
and Libri 2015). To date, however, the conservation of

NNS-like transcription termination has remained elu-
sive, as a distinctiveNNS complex has not been described
inmetazoans. Instead, a complex consisting of the nuclear
cap-binding proteins and ARS2 (the CBCA complex) ap-
pears to share functional similarities to the S. cerevisiae
NNS complex by connecting transcription of noncoding
genes to exosome-dependent degradation in humans (An-
dersen et al. 2013; Hallais et al. 2013). Accordingly, the
CBCA complex suppresses the production of readthrough
transcripts from several classes of noncoding genes by pro-
moting transcription termination in a manner dependent
on the distance from the transcription start site (Andersen
et al. 2013; Hallais et al. 2013), which is similar to NNS-
dependent termination in S. cerevisiae (Gudipati et al.
2008; Vasiljeva et al. 2008a). In contrast to metazoans, S.
pombe possesses putative orthologs of all NNS compo-
nents: Seb1, Nab3, and Sen1/Dbl8. However, our proteo-
mic analysis of Seb1 did not reveal the presence of a
typical NNS-like complex. Instead, we found a significant
enrichment of proteins involved inmRNA3′ end cleavage

Figure 7. Transcription kinetics contributes to Seb1-dependent
poly(A) site selection. (A,B) Northern blot analysis of total RNA
prepared from wild-type (lanes 1,2) and Seb1-depleted (lanes 3,4)
cells that were treated (lanes 2,4) or not treated (lanes 1,3) with
6-AU. Blots were probed for rps2 (A) and fba1 (B) mRNAs. Ratios
of proximal (P) relative to distal (D) mRNA isoforms are indicated
(average from two independent experiments). (C ) Model for Seb1-
dependent poly(A) site selection. The passage of RNAPII through
a poly(A) site is thought to induce a change in the kinetics of tran-
scription elongation, including pausing of the RNAPII complex
(Nag et al. 2006; Grosso et al. 2012; Davidson et al. 2014; Fusby
et al. 2015; Nojima et al. 2015). We propose that the cooperative
binding of Seb1 to the RNAPII CTD and to RNAmotifs clustered
downstream from poly(A) sites positively contributes to RNAPII
pausing (1), thereby promoting poly(A) site recognition and as-
sembly of a cleavage-competent cleavage/poly(A) (CPF) complex
(2). In the absence of Seb1, RNAPII pausing is leaky, increasing
the frequency of RNAPII complexes that reach distal (D) poly
(A) sites.
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and poly(A). Such a physical connection with the 3′ end
processingmachinerywas not detected in proteomic anal-
yses of Nrd1 (Vasiljeva and Buratowski 2006), arguing that
Seb1 and Nrd1 have functionally diverged. Indeed, our re-
sults indicate that Seb1 and Nrd1 cannot functionally
complement each other (Supplemental Fig. S2). Together
with the absence of strong termination defects in cells de-
leted for nab3, sen1, and dlb8 (Fig. 1), our findings argue
that a machinery distinct from the budding yeast NNS
complex connects ncRNA transcription to exosome-de-
pendent RNA decay in fission yeast. Accordingly, a com-
plex that is reminiscent of the human CBCA–NEXT
complex has recently been described in S. pombe. This
complex, known as MTREC or NURS (Lee et al. 2013;
Egan et al. 2014; Zhou et al. 2015), binds to noncoding, un-
wanted, andmisprocessed transcripts and targets them for
degradation by the nuclear exosome. Our study thus sug-
gests that theNNS–exosome connection that functions in
the recognition and degradation of aberrant transcripts in
S. cerevisiae has functionally diverged in the S. pombe lin-
eage and has been lost over the course of metazoan
evolution.

Seb1 controls poly(A) site selection

Recent transcriptome-wide studies indicate that multiple
poly(A) sites are used inmost eukaryotic genes, as demon-
strated in humans (Hoque et al. 2013) as well as budding
(Ozsolak et al. 2010) and fission (Mata 2013; Schlackow
et al. 2013) yeasts. This process, known as APA, is emerg-
ing as a major layer of gene regulation, allowing the in-
clusion or exclusion of sequences that control the
localization, stability, and translation of mRNAs (Tian
and Manley 2013). As yet, however, the mechanism of
poly(A) site recognition and how poly(A) site selection is
modulated remain poorly understood. Notably, our study
disclosed a key role for the Seb1 RNA-binding protein in
cleavage site selection in vivo, showing that a deficiency
in Seb1 results in widespread changes in 3′ UTR lengths
as a consequence of increased APA. The direct role of
Seb1 in poly(A) site selection is supported by several ob-
servations: (1) Seb1 is specifically recruited at the 3′ end
of RNAPII transcribed genes (Fig. 2; Supplemental Fig.
S3), (2) subunits of the 3′ end processing machinery copu-
rify with Seb1 (Fig. 2), (3) Seb1 binds nascent transcripts
50–100 nt downstream from cleavage sites (Fig. 5), and
(4) RNA-seq data and Western blotting analysis indicate
that a Seb1 deficiency does not affect the expression of
genes encoding for components of the 3′ end processing
machinery (Supplemental Fig. S9; data not shown). Our re-
sults therefore suggest that the heterogeneity of PAS us-
age in fission yeast (Mata 2013; Schlackow et al. 2013) is
not a purely random process but can bemodulated by con-
trolling Seb1 levels.

Although Seb1 globally affected poly(A) site selection,
our standard RNA-seq data together with numerous
Northern blot validations did not reveal significant chang-
es in mRNA abundance in Seb1-depleted cells. These ob-
servations argue that Seb1 is not required for the cleavage
reaction itself but rather to correctly position the cleavage

site. To promote accurate 3′ end processing, we found that
Seb1 required a functional CID. A version of Seb1 with
CID substitutions at conserved residues shown to be in-
volved in CTD interactions in related CTD-binding pro-
teins (Meinhart and Cramer 2004; Lunde et al. 2010)
abolished Seb1 enrichment at the 3′ end processing site
and impaired poly(A) site selection (Fig. 4). Our struc-
ture–function analysis further indicated that the Ser5
phosphorylated form of the CTD (Ser5-P) is not the prev-
alent means by which recruitment of Seb1 is achieved,
in contrast to S. cerevisiae Nrd1 (Gudipati et al. 2008;
Vasiljeva et al. 2008a). This result is not unexpected, how-
ever, given that Ser5-P marks occur predominantly in the
early elongation phase of the transcription cycle, whereas
the recruitment of Seb1 is specific to the 3′ ends of genes.
Accordingly, it is tempting to speculate that the CID-de-
pendent enrichment of Seb1 near 3′ end processing sites
depends on Ser2P of the CTD, which is known to be pre-
dominant at the 3′ ends of genes in S. cerevisiae and hu-
mans (Ahn et al. 2004; Kim et al. 2010; Grosso et al.
2012). However, CTD phosphorylation dynamics remain
poorly understood in S. pombe, and specific phosphoryla-
tion marks were in fact shown to behave differently than
in other organisms (Cassart et al. 2012).

Our study also indicated that binding of Seb1 to (A/U)
GUA(A/G)-containing motifs 50–100 nt downstream
from the poly(A) site was important for Seb1 recruitment
and 3′ end cleavage site selection. Notably, this Seb1-
binding signature downstream from the poly(A) site ex-
plains the reported lack of interaction between Seb1 and
the act1 mRNA (Marina et al. 2013), as Seb1 is bound to
the 3′ fragment following cleavage instead of the mature
polyadenylatedmRNA. Collectively, our findings support
a model in which Seb1 is recruited to 3′ end processing
sites via interactions with the CTD of the RNAPII elonga-
tion complex and specific RNA motifs clustered down-
stream from the poly(A) site as they emerge from the
transcribing polymerase. Such a cooperative contribution
of CID and RRM domains in the spatio–temporal recruit-
ment of RNA processing factors is not uncommon during
mRNA 3′ end processing (Dichtl et al. 2002; Kyburz et al.
2003) and also underlies Nrd1-dependent recruitment
(Gudipati et al. 2008).

How does Seb1 promote the selection of poly(A) sites?
Our data indicated that Seb1 is important for the cotran-
scriptional organization of properly assembled cleavage
and poly(A) (CPF) complexes at the 3′ ends of genes (Fig.
6; Supplemental Fig. S9). We also showed that slowing
down transcription rates and increasing RNAPII pausing
frequency using 6-AU attenuated the cleavage site selec-
tion defects of Seb1-depleted cells (Fig. 7). Together, these
findings suggest a model in which binding of Seb1 to
clustered RNA motifs downstream from poly(A) sites
modulates transcription elongation kinetics (RNAPII
pausing), enabling the recruitment and assembly of cleav-
age-competent CPF complexes (Fig. 7C). Defects in the
cotranscriptional assembly of CPF complexes as a re-
sult of changes in transcription kinetics at the 3′ ends of
genes may allow competition between poly(A) sites as
they emerge from the elongating polymerase, therefore
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providing a greater opportunity for the use of distal cleav-
age sites. A model in which Seb1-dependent poly(A) site
selection is mechanistically linked to transcription elon-
gation kinetics is supported by recent studies showing
that RNAPII pausing influences the choice between
APA sites (Fusby et al. 2015; Oktaba et al. 2015). Further-
more, definition of a minimal downstream element (DSE)
important for RNAPII pausing in S. pombe (Aranda and
Proudfoot 1999) previously identified an 18-base-pair
(bp) region that contains two copies of the pentanucleo-
tide ATGTA, which is similar to the Seb1 RNA-binding
motif determined by CRAC (Fig. 5D). However, our data
are also consistent with an alternative model in which
Seb1 helps to recruit and/or assemble the 3′ end process-
ingmachinery, consequently influencing RNAPII pausing
at the 3′ ends of genes. However, since proteomic analyses
indicate that Seb1 is not a core subunit of the fission yeast
3′ end processing complex (Vanoosthuyse et al. 2014), we
favor a model in which Seb1 promotes RNAPII pausing,
thereby transiently associating with the 3′ end processing
machinery via a paused transcription elongation complex
(Fig. 7C). Although Seb1 presumably affects transcription
kinetics at the 3′ end of genes, distinctive RNAPII peaks
are still detected downstream from poly(A) sites in the
Seb1-depleted strain (Fig. 1I), suggesting that RNAPII
can still pause, albeit less efficiently, in the absence of
Seb1. Accordingly, the possibility that other factors act re-
dundantly or cooperatively with Seb1 to maximize RNA-
PII pausing and termination is plausible, as several fail-
safe transcription termination pathways have been de-
scribed (Lemay and Bachand 2015).
Our ChIP analysis of Seb1-deficient cells detected a re-

duction in the occupancy of Rna14 and Cft2, which are
subunits of the evolutionarily conserved CstF and CPSF
complexes (Xiang et al. 2014), respectively, at the 3′ ends
of genes. However, Seb1 levels did not affect the recruit-
ment of every component of CstF and CPSF complexes
(Clp1 and Ysh1). Although themolecular basis underlying
the specificity of 3′ end factor recruitment by Seb1 re-
mains to be determined, these data suggest that CstF
and CPSF components may not be recruited to genes as
complete preformed complexes but may require stepwise
assembly processes that occur cotranscriptionally, which
is consistent with previous work (Chao et al. 1999; John-
son et al. 2009; Mayer et al. 2012). Consistent with this
idea, a complex containing Cft2 and other CPF compo-
nents can be isolated independently of Ysh1 in S. cerevi-
siae (Ghazy et al. 2012). In addition, the observation that
Seb1 levels did not impair the overall recruitment of
Ysh1, which is the fission yeast homolog of the human en-
donucleaseCPSF73, is also consistentwith the conclusion
thatSeb1 isnot essential for thecleavage reaction itself but
is necessary to correctly position the site of cleavage.
Remarkably, our findings argue for the involvement of

the mRNA cleavage and poly(A) machinery in S. pombe
snoRNA 3′ end processing, which is in contrast to
snoRNA 3′ end formation in S. cerevisiae that reliesmost-
ly on the NNS complex (Porrua and Libri 2015). Accord-
ingly, we found that Seb1 and mRNA 3′ end processing
factors were generally recruited at the 3′ ends of both

mRNA and snoRNA genes. We also observed termination
defects and altered recruitment of mRNA 3′ end process-
ing factors at both mRNA and snoRNA genes in Seb1-de-
pleted cells. Consistent with this idea, snoRNAs display
mRNA-like features in fission yeast. For instance, mature
snoRNAs are produced from polyadenylated precursors as
part of their maturation cycle, which requires the activity
of the canonical poly(A) polymerase (Pla1) and the nuclear
poly(A)-binding protein Pab2 (Lemay et al. 2010). More-
over, recent genome-wide mapping of poly(A) sites in fis-
sion yeast revealed that the most prevalent cis elements
associated with cleavage site identification are common
between mRNA and snoRNA genes (Mata 2013;
Schlackow et al. 2013). Interestingly, the apparent role
of Seb1 in fission yeast 3′ end processingmirrors functions
of Pcf11 in S. cerevisiae, a protein that also interacts with
the CTD of RNAPII (Barilla et al. 2001). Similarly to Seb1,
Pcf11 is involved in transcription termination of both cod-
ing RNAs and ncRNAs as well as in poly(A) site selection
(Grzechnik et al. 2015). Despite these similarities, we
found that the expression of S. pombe Seb1 did not rescue
a Pcf11 deficiency in S. cerevisiae (Supplemental Fig. S2F–
H), suggesting that S. pombe Seb1 and S. cerevisiae Pcf11
contribute to different aspects of 3′ end processing.
The importance of precisely selecting the correct poly

(A) site is key during embryonic development and is of pri-
mordial importance for human health (Curinha et al.
2014). The identification of Seb1 as an essential factor
that can influence 3′ end processing decisions in a cotran-
scriptional manner is an important advance in under-
standing the interplay between transcription and APA
regulation. Given the similarities between S. pombe and
human poly(A) sites (Mata 2013; Schlackow et al. 2013),
including use of the canonical AAUAAA hexamer, to-
gether with the fact that metazoans include several pro-
teins that possess both CIDs and RRM domains (Corden
2013), we predict that the links between transcription
and poly(A) site selection described in fission yeast are
likely to apply in higher eukaryotes.

Materials and methods

Yeast strains and media

A list of all S. pombe and S. cerevisiae strains used in this study is
provided in Supplemental Table S5. Fission yeast cells were
grown at 30°C in yeast extract medium with adenine, uracil,
and amino acid supplements (YES) or in Edinburgh minimal me-
dium (EMM) supplemented with adenine, uracil, and the appro-
priate amino acids.

ChIP assays

ChIP-qPCR and ChIP-seq experiments were performed as de-
scribed previously (Lemay et al. 2014). The antibodies used are de-
scribed in the Supplemental Material.

Protein analyses

Analysis of protein expression and affinity purification methods
are described in details in the Supplemental Material.
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3′READS analysis

The 3′READSmethod used in this study was performed and ana-
lyzed as previously described using total S. pombe RNA (Hoque
et al. 2013).

CRAC assays

CRAC was performed as previously described (Granneman et al.
2009) using S. pombe cells grown in YES medium to an OD600 of
0.45–0.5 and UV-irradiated in the Megatron UV cross-linker for
220 sec. Additional details can be found in the Supplemental
Material.

Computational methods

Reads obtained from Illumina HiSeq runs were quality-filtered
according to the Illumina pipeline. Detailed computational
methods for RNA-seq, ChIP-seq, and CRAC analyses are de-
scribed in the Supplemental Material.

Accession codes

ChIP-seq andRNA-seq data are accessible using theArrayExpress
archive under accession codes E-MTAB-2237 and E-MTAB-4827.
The data from the CRAC and 3′READS analyses can be accessed
through Gene Expression Omnibus accession codes GSE82326
and GSE75753, respectively.
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