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Transcriptome studies have revealed that many non-coding RNAs (ncRNAs) are located near the 3’ sense
terminus of protein-coding genes. However, the transcription and function of these RNAs remain elusive.
Here, we identify a 3’ sense termini-associated SRNA (TASR) downstream of rpl26 in Schizosaccharomyces
pombe (S. pombe). Structure and function assays indicate that the TASR is an H/ACA box snoRNA required
for 18S rRNA pseudouridylation at U121 and U305 sites and is therefore a cognate of snR49 from the bud-
ding yeast. Transcriptional studies show that pre-snR49 overlaps most of the coding sequence (CDS) of
rpl26. Using scanning deletion analysis within promoter region, we show that the rpl26 promoter is
required for the 3’ TASR transcription. Interestingly, chromosomal synteny of rpl26-snR49 is found in
the Schizosaccharomyces groups. Taken together, we have revealed a new transcriptional mechanism
for 3’ sense TASRs, which are transcribed by the same promoter as their upstream protein genes. These
results further suggest that the origin and function of 3’ sense ncRNAs are associated with upstream
genes in higher eukaryotes.
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1. Introduction

Functional genomic strategies have revealed that eukaryotic
genomes are almost entirely transcribed, generating abundant
ncRNAs [1,2]. However, the origin and function of ncRNAs chal-
lenged previous views of basic gene expression [2]. The number
of unexpected ncRNAs has led to the concept of ‘pervasive’ tran-
scription [1-3]. A large number of ncRNAs were found to be located
in different regions related to protein genes. Both sense and anti-
sense promoter upstream transcripts (PROMPts) were produced
and located approximately 0.5-2.5 kilobases upstream of active
transcription start sites (TSSs) [4]. Transcription start site-associ-
ated RNAs (TSSa-RNAs) and promoter-associated sRNAs (PASRs)
were generated within a short distance from the upstream and
downstream TSSs [3,5-7]. ncRNAs were clustered at the
5’-untranslated region (UTR) boundaries of protein-coding genes
and were also enriched at the 3’-UTR termini [3]. TASRs were abun-
dant and less than 200 nt in length, and they were located at both
the anti-sense and sense 3’ boundaries of annotated transcripts [3].
Recently, transcriptome studies in humans indicated that nearly
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40% of these unannotated short RNAs were PASRs and TASRs
[3,8]. Functional study of a 3’ sense terminus ncRNA indicated that
it might be involved in regulation of gene transcription [9]. How-
ever, the function and transcription of 3’ sense TASRs remain lar-
gely unknown.

As a classical organism, Schizosaccharomyces pombe shares
many similar features in molecular genetics with higher eukaryote
cells, and it can be easily genetically manipulated [10]. Transcrip-
tome and proteome studies of this organism suggested switch-like
transcription of mRNAs during the cell cycle [11]. Single-nucleo-
tide high-resolution transcriptomics in this species provided much
condition-specific information regarding novel non-coding tran-
scripts [12]. Comparative functional genomics of the Schizosaccha-
romyces groups identified 1097 putative ncRNA transcripts, of
which 449 are intergenic and 648 are antisense [12-15]. Approxi-
mately 20% of these ncRNAs were hypothesized to be alternative
UTRs for overlapping annotated UTRs on the same strand [13,16].
Currently, there are 1538 ncRNAs in PomBase which is a compre-
hensive database for S. pombe [16]. Among these ncRNAs, the
majority have elusive functions and transcription, particularly
the UTR overlapping transcripts.

In this study, we identify a functional H/ACA box snoRNA snR49,
whose primary transcript overlaps most of the CDS of its upstream
gene rpl26. Promoter deletion analyses prove that the rpl26
promoter is required for both itself and the downstream snR49
transcription. And computational analyses indicate that this
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mRNA-snoRNA organization is conserved in the Schizosaccharomy-
ces species.

2. Materials and methods

The S. pombe sequences of snR49 and rpl26 have been deposited
in GenBank under the accession numbers KF184994 and
KF184995, respectively.

2.1. Strains and media

The S. pombe strain h972~ was grown at 30 °C in rich YPD med-
ium consisting of 2 g peptone, 1 g yeast extract and 2 g dextrose in
0.1 L distilled water. The Escherichia coli (E. coli) strain TG1 was
grown in either liquid or solid 2YT medium. It was then used for
cloning procedures.

2.2. Northern blot and reverse transcription analyses

For the snoRNA northern blot, total cellular RNA was isolated by
acid guanidinium thiocyanate [17]. Total cellular RNA (30 pg) was
separated by electrophoresis on an 8% polyacrylamide/8 M urea
gel, and then electrotransferred onto a nylon membrane
(Hybond-N*; Amersham Biosciences), followed by UV light irradia-
tion for 5 min. Hybridization with 5-end labeled probes was
performed as previously described [18]. The membranes were
exposed to a phosphor screen and analyzed by the Typhoon 8600
variable mode imager.

Reverse transcription was performed as previously reported
[18]. The cDNA was excised from the gel and then tailed with dGTP
using 7 U terminal deoxynucleotidyl transferase. The cDNAs were
amplified using PCR with the poly(C) forward primer and reverse
primer. The fragment was then cloned into the pTZ18 plasmid,
and the resulting plasmids were used to transform E. coli TG1. After
screening by filter hybridization, the sequences were determined.

2.3. Plasmid construction and gene deletion

The deletion of the snoRNA genes and promoter scanning dele-
tion analyses were performed as previously described [18]. Briefly,
the flanking sequences of the snoRNA genes were amplified with
specific primers. After digestion with Sacl/Kpnl and Sall/Sphl, the
amplified fragments were cloned into the corresponding restric-
tion sites of pTZ-19M. pTZ-19M is a pTZ19-derived plasmid and
contains a 1.4-kb selectable marker module from pFA6-kanmx4
[19], which permits the efficient selection of transformants resis-
tant to geneticin (G418). The plasmid was linearized and used to
transform the haploid type yeast h972~ using the lithium acetate
procedure. Transformants were screened on selective plates with
200 mg/L G418. The deletion of chromosomal alleles was verified
by PCR amplification of the genomic DNA with an appropriate pri-
mer pair. The snoRNA was detected by northern analysis with spe-
cific primers.

2.4. Pseudouridylation site mapping

Total cellular RNA was extracted using the hot acidic phenol
method. The mapping of rRNA pseudouridylation sites was per-
formed according to the CMC primer extension method [20]. Total
cellular RNA (50 pg) was treated with 100 pul 0.17 uM CMC (N-
cyclohexyl-N’-B-(4-methyl morpholinium) ethylcarbodiimide p-
tosylate) at 37 °C for 20 min. Subsequently, the CMC-treated RNA
was subjected to alkali hydrolysis in the presence of 50 mM
Na,CO; (pH 10.4) at 37 °C for 4 h. As a control, another 50 pig

total RNA not treated with CMC was subjected to alkali hydrolysis
under the same conditions as above.

Reverse transcription reactions were performed in the presence
of 3-5 ng CMC-treated or untreated RNA and an appropriate pri-
mer labeled at the 5’-end with 32P. The rDNA fragments from the
S. pombe 18S rRNAs were inserted into the pMD18-T vector as de-
scribed previously [18]. The plasmid DNA insert was directly se-
quenced with the same primer used for rRNA pseudouridylation
mapping and run in parallel with the reverse transcription reac-
tions on 8% polyacrylamide denaturing gels and then analyzed
using the imager.

2.5. 3' RACE, RT-PCR and real-time PCR

The 3’ RACE was performed according to the 3’ full RACE kit
(Takara). The RT-PCR was performed after DNA contamination
was removed with DNase [ (Takara). Reverse transcription was per-
formed according to the manufacturer’s instructions (Promega),
and the PCR was performed with a standard PCR reaction system
(Takara). Reverse transcription for real-time PCR was performed
with the RT Reagent Kit with gDNA Eraser (Takara). The PCR was
then performed with MightyAmp® for Real Time (SYBR® Plus)
(Takara).

2.6. Primer extension analysis for TSSs

Reverse transcription was performed with 1.5 mM dNTP con-
centration. Total cellular RNA (30 pg) and 20 ng primer labeled at
the 5-end with 32P are required. After denaturation at 65 °C for
5 min and cooling to 42 °C, 200 U M-MLV reverse transcriptase
(Promega) was added to the reactions (-RT: without reverse trans-
criptase) and extension was performed at 42 °C for 1 h. The DNA
fragments across rpl26 and snR49 were inserted into the pMD18-
T vector. The plasmid DNA insert was directly sequenced with
the same primer used for the reverse transcription and run in par-
allel with the reverse transcription reactions on 8% polyacrylamide
denaturing gels and then analyzed using the imager.

2.7. Primers and oligonucleotides

The sequences of the primers and oligonucleotides used in this
study are listed in Table S1.

2.8. Computer analysis

Novel RNA sequences were confirmed by BLASTN (http://
www.ncbi.nlm.nih.gov/BLAST/). The secondary structures of the
snoRNA were analyzed by RNA structure 4.3 [21]. The function of
the H/ACA box snoRNA was predicted with the “snoGPS” [22]. Pro-
moter motif analysis was aligned with the FMM learning and motif
finder software (available at http://genie.weizmann.ac.il/) [23]. Se-
quences alignments were analyzed with clustalw2 software [24].

3. Results

3.1. Characterization of a novel 3’ sense termini ncRNA downstream
of rpl26

The majority of ncRNAs in S. pombe are intergenic with
unknown function. Interestingly, several ncRNAs are located near
the 3’-UTR of protein-coding genes in the sense strand [16]. Among
these, SPNCRNA.1444 is a predicted intergenic ncRNA with a
length of 322 nt, located 131 nt downstream of the ribosomal pro-
tein gene rpl26 [13] (Fig. 1A). Using secondary structure analysis,
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Fig. 1. Characterization of a novel 3’ sense termini ncRNA downstream of rpl26. (A) Gene loci and sequences of the rpl26 downstream ncRNA candidate. UTRs, IS, CDS and
ncRNA are indicated with their lengths. IS: intergenic space. SPNCRNA.1444 represents a predicted ncRNA in PomBase. The novel predicted H/ACA box snoRNA is indicated
with sequences. The H box and ACA box are indicated with italic capital letters. Primer used in northern blot and 5’-end labeled reverse transcription is underlined. (B)
Positive detection of H/ACA box snoRNA candidate. M: DNA molecular weight marker is indicated with sizes. wt: wild-type strain. snoRNA: H/ACA box snoRNA candidate. (C)
Sequence determination of the H/ACA box snoRNA candidate by 5'-end labeled reverse transcription. The cDNA of the snoRNA candidate is indicated with an arrow. Lane M:
DNA molecular weight marker is indicated with sizes. +R: normal reverse transcription. —R: reverse transcription without reverse transcriptase. (D) Confirmation of snR49
deletion by northern blot. snR49 is indicated with its name and an arrow. Control: snR39. M: DNA marker with indicated lengths. wt: wild-type strain. AsnR49: snR49
deletion strain. (E) rRNA pseudouridylation validation of snR49 by CMC primer extension assay. The S. pombe 18S rDNA molecular size ladder (T/A/G/C) was generated using
the T7 Sequencing Kit from USB. wt: wild-type strain. AsnR49: snR49 deletion strain. +: total RNA treated with CMC. —: total RNA treated without CMC. The modification sites
guided by snR49 are indicated in both sequences with stars and arrows with boxes. A new modification site guided by unknown molecule is indicated with an arrow.

we found an H/ACA box snoRNA candidate that overlaps this
ncRNA (Fig. 1A and Fig. S1).

To determine whether SPNCRNA.1444 and the H/ACA box snoR-
NA candidate exist, northern blot was performed with specific
probe located within the common region of SPNCRNA.1444 and
the H/ACA box snoRNA candidate. The result showed one sharp
band, which length is between 124 and 184 nt, probably represents
the H/ACA box snoRNA candidate. However, we did not detect the
predicted SPNCRNA.1444 with a length of 322 nt (Fig. 1B).

Then we performed 5’-end labeled reverse transcription analy-
sis to synthesize the cDNA of the snoRNA candidate (Fig. 1C). After
cloning and sequencing the cDNA, we obtained the exact 5’ end se-
quence of this H/ACA box snoRNA candidate. For the 3’ end, the se-
quences were considered as ACA box plus 3 extra nucleotides. The
results suggested that the snoRNA candidate is 156 nt long with
4nt of its 5 end hang out and the rest 152 nt overlaps
SPNCRNA.1444 (Fig. 1A).

To determine whether this novel H/ACA box snoRNA is func-
tional, we firstly predicted its function using snoGPS [22,25] and
found that it can guide 18S rRNA pseudouridylation at U121 and
U305. Pseudouridylation of those two sites are conserved
and guided by snR49 in budding yeast (Fig. S2A) [26], so we named
the newly identified H/ACA box snoRNA snR49 in S. pombe by
homology.

Then we performed experiments to detect whether the
modification sites guided by snR49 actually exist. We deleted the
majority of snR49 sequences by homologous recombination,
including both the H box and ACA box (Fig. S2B). Northern blot

analysis demonstrated that snR49 was successfully deleted in
AsnR49 strain compared to the wild-type strain (Fig. 1D). Then
we used primer extension assay to examine the rRNA pseudouridy-
lation sites. The result showed the reverse transcription paused at
U121 and U305 of 18S rRNA in the wild-type strain, while the cor-
responding modification sites disappeared in AsnR49 strain
(Fig. 1E). These results suggested that snR49 is a double-guide H/
ACA box snoRNA which is required for pseudouridylation at
U121 and U305 sites of 18S rRNA in S. pombe. Besides, we also
identified a novel pseudouridylation site of 18S rRNA at U299,
but no snoRNA was predicted for guiding pseudouridylation at this
site (Fig. 1E).

Taken together, these results suggested that a novel functional
H/ACA box snoRNA is located at the 3’ sense terminus of rpl26.

3.2. Analyses of rpl26 and snR49 transcripts

Previous studies of the H/ACA box snoRNAs in S. pombe indi-
cated that the majority of snoRNAs are intergenic and indepen-
dently transcribed [18]. Since snR49 is located at the 3’ sense
terminus of rpl26 and no typical promoter between these two
genes can be found, we hypothesize that the transcription of
snR49 probably has connection with rpl26.

We used different pairs of primers in RT-PCR assay to define the
boundaries of snR49 and rpl26 primary transcripts (Fig. 2A and
Fig. S3). Firstly, the production of primers D5F5/D5R showed
snR49 can be transcribed at least from CDS (D5F5 primer location)
of rpl26. The slight band of RT-PCR with primers D3F8/D3R9 also
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Fig. 2. Characterization of rpl26 and snR49 transcripts. (A) Schema of RT-PCR primers across rpl26-snR49. TSS: transcription start site. TTS: transcription terminating site.
rpl26 TSSs: —20/—18. snR49 TSS: +12. rpl26 TTS: +440. snR49 TTS: +883. +649 is an unknown TTS. Amplified regions are indicated with lines and corresponding primer pairs.
Detailed sequences are presented in Fig. S3. (B) Agarose gel analysis of RT-PCR products. cDNA was synthesized with oligodt18. D5F5/D5R, D3F/D3R9, D3F8/D3R9, UP/RCDS-R,
UP/D3R5 represent different primer pairs used in PCR. —R: reverse transcription without reverse transcriptase. +R: normal reverse transcription. +D: PCR amplification with

genomic DNA as template. —P: PCR amplification without template. M: DNA marker with indicated lengths.

suggested snR49 can be transcribed at least from CDS (D3F8 primer
location) of rpl26, and stopped downstream of D3R9 primer loca-
tion. However, there is not any comparable band observed when
primers D3F/D3R9 were used (Fig. 2B), demonstrating that snR49
could not be transcribed with rpl26 from the upstream of rpl26
as a cluster, and probably the TSS of pre-snR49 is between D3F
and D3F8 primer location. Meanwhile, a ‘+12’ TSS site (located be-
tween D3F and D3F8) defined by 5’ primer extension analysis fur-
ther suggested it might be the TSS of snR49 (Fig. S3 and Fig. S4A
and B). Secondly, primers UP/RCDS-R and UP/D3R5 were used to
detect how rpl26 transcribes from its own TSS. A clear band was
showed with UP/RCDS-R while no band was showed with UP/
D3R5 (Fig. 2B), indicating that rpl26 cannot transcribe bypass the
D3R5 primer location. These results suggested that pre-snR49
and rpl26 have their own primary transcripts, although most of
their sequences are overlapped.

We also used 5’ primer extension analysis and 3’ RACE to detect
accurate boundaries of the rpl26 and snR49 primary transcripts
(Fig. S4). Combined with the above RT-PCR assay, the results sug-
gested the possible transcription start site (TSS) and transcription
terminating site (TTS) of rpl26 are —18/—20 and +440, respec-
tively; whereas those of pre-snR49 are +12 and +833, respectively
(Fig. 2A and Fig. S3). Interestingly, a TTS (+649) within matured
snR49 was found, which phenomenon has been reported but the
mechanism is still unknown (Fig. S3 and Fig. S4C) [27].

3.3. The rpl26 promoter is essential for both itself and downstream
SnR49 transcription

Genome-wide studies of snoRNA promoters in fission yeast sug-
gest that homol-D box is a conserved motif upstream of the major-
ity of snoRNAs (unpublished data). Previous studies in fission yeast
demonstrated that homol-D box is critical for both ribosomal pro-
teins and U3 snoRNA transcription [28,29]. Given the TSSs of snR49
and rpl26 are different but closed and there are no evident homol-
D motifs across rpl26-snR49, it’s reasonable to suspect that the

rpl26 promoter homol-D box might be responsible for snR49
transcription.

Promoter analysis suggested that there are three possible pro-
moters upstream of rpl26: a TATA motif, a homol-D motif (TGTG-
ACTG) and a homol-D-Like motif (CTGTCACA) (Fig. 3A). We
deleted the upstream region of rpl26 from —226 to —31 using pro-
moter scanning deletion. Real-time PCR analysis of rpl26 and
snR49 in TATA box deleted strain (AHO) suggested that the TATA
motif is not critical for their transcription. Whereas when the
homol-D box was deleted (AH1), the transcriptional level of both
rpl26 and snR49 significantly decreased. When the homol-D-Like
motif was also deleted (AH2), both rpl26 and snR49 disappeared
(Fig. 3B). Northern blot analyses of snR49 also suggested the
homol-D motif and homol-D-Like motif are important for snR49
transcription, instead of TATA motif, which was consistent with
the real-time PCR results (Fig. 3C). These results indicated that
the rpl26 promoter is essential for both itself and snR49 transcrip-
tion, implicating a novel transcriptional mechanism for ncRNAs.

3.4. Chromosomal synteny of rpl26-snR49 in Schizosaccharomyces
groups

Genomic sequences and transcriptomics of the Schizosaccharo-
myces groups identified conserved and divergent features of gene
structure and regulation in fission yeasts [13,30].

We found that snR49 was conserved in fission yeasts, despite
several sequences missing between the H box and ACA box
(Fig. 4A). Genomic organization of rpl26 and snR49 suggested they
share synteny in fission yeasts. Analysis of promoter alignments
upstream of rpl26 indicated that the homol-D sequences found
in S. pombe are conserved in Schizosaccharomyces groups
(Fig. 4B). We found that S. japonica has one more homol-D motif
than other fission yeasts, and the homol-D-Like motif (CTGTCACA)
was only found in S. pombe. Also, we found an unusual homol-D-
Like motif (TGTGATTG) located between rpl26 and snR49 in Schizo-
saccharomyces japonicus (Fig. 4C).
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Fig. 3. Confirmation of snR49 promoter. (A) Promoter deletion schema. The deletion regions are shown with shadow (—226 to —31) and arrows of opposite directions. AHO
(TATA box deletion strain), AH1 (TATA box and homol-D box deletion strain), AH2 (TATA box, homol-D box and homol-D-Like box deletion strain). The TATA motif, homol-D
motif, and homol-D-Like motif are indicated with italic capital letters. TA: TATA motif. h-D: homol-D motif. h-D-L: homol-D-Like motif. The TSSs are indicated with arrows.
The SPBC29B5.04¢’s partial 3’ UTR is underlined, and its Poly(A) signal is boxed. The capital letters represent rpl26 CDS. (B) Real-time PCR of rpl26 and snR49. The relative
expressions of rpl26 and snR49 from different promoter deletion strains are shown with percentages compared to wild-type strain. (C) Northern blot of snR49. snR39 was
used as a control. wt: wild-type strain. AHO, AH1 and AH2 represent different promoter deletion strains.
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homol-D-Like motifs are indicated with boxes. The same nucleotide among fission yeasts is indicated with an asterisk. Pom-UPS: S. pombe promoter region. Oct-UPS: S.
octosporus promoter region. Cry-UPS: S. cryophilus promoter region. Jap-UPS: S. japonicus promoter region. (C) Schema of chromosomal synteny of rpl26-snR49 in
Schizosaccharomyces groups. The possible promoter motifs are indicated with sequences. rpl26 and snR49 are also indicated. (D) Potential model of snR49 transcription.
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Chromosomal synteny of rpl26-snR49 is conserved in fission
yeasts, suggesting the novel transcription mechanism of rpl26-
snR49 is conserved in the Schizosaccharomyces groups. So we pro-
posed a potential transcriptional model for snR49. In this model,
the rpl26 promoter is required for snR49 transcription (Fig. 4D).

4. Discussion

In this study, we confirmed that the transcription of a 3’ sense
TASR, snR49, is dependent on the promoter of its upstream gene,
rpl26, in S. pombe. Our results about a novel transcriptional
mechanism for 3’ sense ncRNAs provide new information regard-
ing the expression of 3’ sense ncRNAs.

Interestingly, such novel transcriptional mechanism for 3’ sense
ncRNAs is not only restricted to rpl26-snR49 expression. We found
that snR93 is 78 nt downstream from rpl29 (Fig. S5A). RT-PCR
assays showed that the transcription pattern of rpl29-snR93 is
similar to that of rpl26-snR49 (Fig. S5B). Notably, chromosomal
synteny of rpl29-snR93 was also found among the fission yeasts
(Fig. S6), suggesting that this transcriptional mechanism may be
universal. TASRs are abundant and stable in higher eukaryotes
[3,8]. In the PomBase, there are 442 intergenic ncRNAs, about
50% of which overlapped to annotate UTRs [13,16]. It will be great
interest to study whether their transcription is dependent on the
promoters of their upstream protein-coding genes.

Synergic or antergic expression of 3’ sense ncRNAs and their up-
stream protein genes may suggest they were functionally linked.
Two 3’ sense TASRs we found are both H/ACA box snoRNAs, which
play important roles in ribosome biogenesis, and the correspond-
ing upstream protein genes are both ribosome protein genes. As
one of the most complex processes in eukaryotic cells, it is very
important to coordinate the expression of ribosomal proteins,
rRNAs and snoRNAs for ribosome biogenesis in cells [31,32]. Pri-
marily, eukaryotic snoRNAs are found within the introns of pro-
tein-coding genes involved in ribosome biogenesis, and thus
synergistically co-express with ribosome biogenesis related host-
genes [33,34]. Our results showed that besides using-intron, syner-
gistic transcriptional regulation of protein and non-coding genes
can also be maintained by using a single promoter.

Acknowledgments

This work was supported by Grants from the National Natural
Science Foundation of China (Nos. 30830066, 81070589 and
31230042) and the National Basic Research Program from the Min-
istry of Science and Technology of China (No. 2011CB811300). The
authors thank Xiao-Hong Chen, Yi-Ling Chen and Qiao-Juan Huang
for technical assistances.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.01.018.

References

[1] P.P. Amaral, M.E. Dinger, T.R. Mercer, et al., The eukaryotic genome as an RNA
machine, Science 319 (2008) 1787-1789.

[2] A. Jacquier, The complex eukaryotic transcriptome: unexpected pervasive
transcription and novel small RNAs, Nat. Rev. Genet. 10 (2009) 833-844.

[3] P. Kapranov, J. Cheng, S. Dike, et al., RNA maps reveal new RNA classes and a
possible function for pervasive transcription, Science 316 (2007) 1484-1488.

[4] P. Preker, ]. Nielsen, S. Kammler, et al, RNA exosome depletion reveals
transcription upstream of active human promoters, Science 322 (2008) 1851-
1854.

[5] A.C. Seila, L]J. Core, J.T. Lis, et al., Divergent transcription: a new feature of
active promoters, Cell Cycle 8 (2009) 2557-2564.

[6] A.C. Seila, J.M. Calabrese, S.S. Levine, et al., Divergent transcription from active
promoters, Science 322 (2008) 1849-1851.

[7] Affymetrix ENCODE Transcriptome Project, Cold spring harbor laboratory
ENCODE transcriptome project, post-transcriptional processing generates a
diversity of 5'-modified long and short RNAs, Nature 457 (2009) 1028-1032.

[8] S. Djebali, C.A. Davis, A. Merkel, et al., Landscape of transcription in human
cells, Nature 489 (2012) 101-108.

[9] X. Yue, ].C. Schwartz, Y. Chu, et al., Transcriptional regulation by small RNAs at
sequences downstream from 3’ gene termini, Nat. Chem. Biol. 6 (2010) 621-
629.

[10] V. Wood, R. Gwilliam, M.A. Rajandream, et al., The genome sequence of
Schizosaccharomyces pombe, Nature 415 (2002) 871-880.

[11] S. Marguerat, A. Schmidt, S. Codlin, et al., Quantitative analysis of fission yeast
transcriptomes and proteomes in proliferating and quiescent cells, Cell 151
(2012) 671-683.

[12] B.T. Wilhelm, S. Marguerat, S. Watt, et al., Dynamic repertoire of a eukaryotic
transcriptome surveyed at single-nucleotide resolution, Nature 453 (2008)
1239-1243.

[13] N. Rhind, Z. Chen, M. Yassour, et al., Comparative functional genomics of the
fission yeasts, Science 332 (2011) 930-936.

[14] T.R. Gingeras, Mapping the strand-specific transcriptome of fission yeast, Nat.
Genet. 40 (2008) 935-936.

[15] T. Ni, K. Tu, Z. Wang, et al., The prevalence and regulation of antisense
transcripts in Schizosaccharomyces pombe, PLoS ONE 5 (2010) e15271.

[16] V. Wood, M.A. Harris, M.D. McDowall, et al., PomBase: a comprehensive online
resource for fission yeast, Nucleic Acids Res. 40 (2012) D695-D699.

[17] M.E. Schmitt, T.A. Brown, B.L. Trumpower, A rapid and simple method for
preparation of RNA from Saccharomyces cerevisiae, Nucleic Acids Res. 18 (1990)
3091-3092.

[18] S.G. Li, H. Zhou, Y.P. Luo, et al., Identification and functional analysis of 20
Box H/ACA small nucleolar RNAs (snoRNAs) from Schizosaccharomyces pombe,
J. Biol. Chem. 280 (2005) 16446-16455.

[19] A. Wach, A. Brachat, R. Pohlmann, et al., New heterologous modules for
classical or PCR-based gene disruptions in Saccharomyces cerevisiae, Yeast 10
(1994) 1793-1808.

[20] A. Bakin, J. Ofengand, Four newly located pseudouridylate residues in
Escherichia coli 23S ribosomal RNA are all at the peptidyltransferase center:
analysis by the application of a new sequencing technique, Biochemistry 32
(1993) 9754-9762.

[21] D.H. Mathews, M.D. Disney, J.L. Childs, et al., Incorporating chemical
modification constraints into a dynamic programming algorithm for
prediction of RNA secondary structure, Proc. Natl. Acad. Sci. USA 101 (2004)
7287-7292.

[22] P. Schattner, A.N. Brooks, T.M. Lowe, The tRNAscan-SE, snoscan and snoGPS
web servers for the detection of tRNAs and snoRNAs, Nucleic Acids Res. 33
(2005) W686-W689.

[23] E. Sharon, S. Lubliner, E. Segal, A feature-based approach to modeling protein-
DNA interactions, PLoS Comput. Biol. 4 (2008) e1000154.

[24] M.A. Larkin, G. Blackshields, N.P. Brown, et al., Clustal W and Clustal X version
2.0, Bioinformatics 23 (2007) 2947-2948.

[25] P. Schattner, W.A. Decatur, C.A. Davis, et al., Genome-wide searching for
pseudouridylation guide snoRNAs: analysis of the Saccharomyces cerevisiae
genome, Nucleic Acids Res. 32 (2004) 4281-4296.

[26] D. Piekna-Przybylska, W.A. Decatur, M.J. Fournier, New bioinformatic tools for
analysis of nucleotide modifications in eukaryotic rRNA, RNA 13 (2007) 305-
312.

[27] R. Elkon, A.P. Ugalde, R. Agami, Alternative cleavage and polyadenylation:
extent, regulation and fuction, Nat. Rev. Genet. 14 (2013) 496-506.

[28] S. Nabavi, R.N. Nazar, U3 snoRNA promoter reflects the RNA’s function in
ribosome biogenesis, Curr. Genet. 54 (2008) 175-184.

[29] 1. witt, N. Straub, N.F. Kaufer, et al., The CAGTCACA box in the fission yeast
Schizosaccharomyces pombe functions like a TATA element and binds a novel
factor, EMBO J. 12 (1993) 1201-1208.

[30] M. Muers, Evolutionary genomics: fission yeast compared and contrasted, Nat.
Rev. Genet. 12 (2011) 381.

[31] RJ. Planta, Regulation of ribosome synthesis in yeast, Yeast 13 (1997) 1505~
1518.

[32] J. Venema, D. Tollervey, Ribosome synthesis in Saccharomyces cerevisiae, Annu.
Rev. Genet. 33 (1999) 261-311.

[33] J.P. Bachellerie, M. Nicoloso, LH. Qu, et al., Novel intron-encoded small
nucleolar RNAs with long sequence complementarities to mature rRNAs
involved in ribosome biogenesis, Biochem. Cell Biol. 73 (1995) 835-843.

[34] M.P. Hoeppner, S. White, D.C. Jeffares, et al., Evolutionarily stable association of
intronic snoRNAs and microRNAs with their host genes, Genome Biol. Evol. 1
(2009) 420-428.


http://dx.doi.org/10.1016/j.bbrc.2014.01.018
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0010
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0010
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0150
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0150
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0155
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0155
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0160
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0160
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0165
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0165
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0165
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00033-3/h0170

	The ribosomal protein rpl26 promoter is required
	1 Introduction
	2 Materials and methods
	2.1 Strains and media
	2.2 Northern blot and reverse transcription analyses
	2.3 Plasmid construction and gene deletion
	2.4 Pseudouridylation site mapping
	2.5 3' RACE, RT-PCR and real-time PCR
	2.6 Primer extension analysis for TSSs
	2.7 Primers and oligonucleotides
	2.8 Computer analysis

	3 Results
	3.1 Characterization of a novel 3' sense termini
	3.2 Analyses of rpl26 and snR49 transcripts
	3.3 The rpl26 promoter is essential for both itself and downstream snR49 transcription
	3.4 Chromosomal synteny of rpl26–snR49 in Schizosaccharomyces groups

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


