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The tunicate Ciona intestinalis, an invertebrate chordate, has recently emerged as a powerful model organism for gene regu-
lation analysis. However, few studies have been conducted to identify and characterize its transcription start sites (TSSs) and
promoters at the genome-wide level. Here, using TSS-seq, we identified TSSs at the genome-wide scale and characterized
promoters in C. intestinalis. Specifically, we identified TSS clusters (TSCs), high-density regions of TSS-seq tags, each of which
appears to originate from an identical promoter. TSCs were found not only at known TSSs but also in other regions, sug-
gesting the existence of many unknown transcription units in the genome. We also identified candidate promoters of 79 ri-
bosomal protein (RP) genes, each of which had the major TSS in a polypyrimidine tract and showed a sharp TSS distribution
like human RP gene promoters. Ciona RP gene promoters, however, did not appear to have typical TATA boxes, unlike hu-
man RP gene promoters. In Ciona non-RP promoters, two pyrimidine-purine dinucleotides, CA and TA, were frequently
used as TSSs. Despite the absence of CpG islands, Ciona TATA-less promoters showed low expression specificity like
CpG-associated human TATA-less promoters. By using TSS-seq, we also predicted trans-spliced gene TSSs and found that
their downstream regions had higher G+T content than those of non-trans-spliced gene TSSs. Furthermore, we identified
many putative alternative promoters, some of which were regulated in a tissue-specific manner. Our results provide valuable
information about TSSs and promoter characteristics in C. intestinalis and will be helpful in future analysis of transcriptional

regulation in chordates.
[Supplemental material is available for this article.]

To understand how transcription occurs and how gene expression
is regulated, it is necessary to discover and characterize promoter
regions. The high-throughput sequencing in combination with
oligo-capping (Maruyama and Sugano 1994; Suzuki et al. 1997)
or the cap trapper (Carninci et al. 1996) method, which generates
millions of 5" sequences derived from 5 capped mRNAs tran-
scribed by RNA polymerase II, have enabled us to identify tran-
scription start sites (TSSs) on a genome-wide scale and have
contributed to the identification and characterization of core pro-
moters (Suzuki et al. 2001; Carninci et al. 2005; Kawaji et al. 2006;
van Heeringen et al. 2011). Several studies using the high-through-
put sequencing method have characterized core promoters in
terms of TSS distribution and associated motifs and have shown
that there are several promoter classes (Carninci et al. 2006;
Yamamoto et al. 2009; Zhao et al. 2011).

A genome-wide study of human promoters has defined two
distinct promoter classes based on the shape of TSS distribution:
sharp-type promoters in which transcription occurs within a nar-
row genomic region and broad-type promoters in which TSSs are
dispersed over a larger genomic region. Sharp- and broad-type pro-

Corresponding author: knakai@ims.u-tokyo.ac.jp
Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.184648.114.

moters are more likely to be associated with TATA boxes and CpG
islands, respectively (Carninci et al. 2006). These two promoter
classes have also been found in Drosophila melanogaster (Rach
et al. 2009; Ni et al. 2010; Hoskins et al. 2011), but there is a differ-
ence in the associated motifs between human and Drosophila; the
broad-type promoters in Drosophila are more likely to be associated
with nonpositionally fixed motifs such as a DNA replication-relat-
ed element (DRE) (Ni et al. 2010). In human and Drosophila, it has
been shown that broad-type promoters exhibit more precise nucle-
osome positioning than sharp-type promoters (Nozaki et al. 2011;
Rach et al. 2011), and human broad-type promoters have been
shown to exhibit a 10.5-bp periodic distribution of WW (where
W is A or T) motifs at the region corresponding to the position
of the +1 nucleosome downstream from the dominant TSS
(Forrest et al. 2014). As for ribosomal protein (RP) gene promoters,
in human and Drosophila, it has been shown that they possess a
polypyrimidine initiator motif, where transcription starts with a
cytosine nucleotide, and exhibit a sharp-type TSS distribution
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(Yoshihama et al. 2002; Perry 2005; Yamashita et al. 2008; Parry
et al. 2010).

The tunicate Ciona intestinalis, which is an invertebrate chor-
date, has recently emerged as a powerful model organism for bio-
logical research (Sasakura et al. 2012; Stolfi and Christiaen 2012).
The draft genome sequence of C. intestinalis was published in
2002 (Dehal et al. 2002), and the improved genome assembly,
called the Kyoto Hoya (KH) assembly, was released in 2008
(Satou et al. 2008). The genome is ~160 Mbp in size (Dehal et al.
2002) and has approximately 15,000 genes according to the KH
gene model available in the Ghost database (Satou et al. 2005), in-
dicating that C. intestinalis has a considerably smaller genome and
more compactly organized genes than vertebrates. This compact-
ness allows us to search a smaller space to discover cis-regulatory
elements (Johnson et al. 2005; Kusakabe 2005; Irvine 2013). In ad-
dition, it has been shown that tunicates are the closest invertebrate
relatives of human (Delsuc et al. 2006; Putnam et al. 2008), empha-
sizing their importance as model organisms for elucidating reg-
ulatory programs in chordates and their evolution after the
divergence of the tunicate and vertebrate lineages. Moreover,
reporter genes can be easily introduced into fertilized eggs of
C. intestinalis using electroporation techniques, facilitating the
identification of cis-regulatory elements (Corbo et al. 1997;
Takahashi et al. 1999; Di Gregorio and Levine 2002; Harafuji
etal. 2002; Johnson et al. 2004; Kusakabe et al. 2004). These poten-
tial advantages make C. intestinalis a very useful organism to ana-
lyze chordate gene regulation. However, few studies have been
conducted to identify and characterize TSSs and promoters at the
genome-wide level in C. intestinalis.

In C. intestinalis, a different type of splicing, called spliced
leader (SL) trans-splicing, occurs (Vandenberghe et al. 2001;
Ganot et al. 2004; Hastings 2005). Approximately half of its genes
undergo SL trans-splicing (Satou et al. 2006). In SL trans-splicing,
the original 5" end sequence of a pre-mRNA, called an outron, is re-
placed by a short noncoding RNA, known as an SL, with a spliceo-
somal mechanism (Vandenberghe et al. 2001). Thus, the 5" ends of
SL trans-spliced mature mRNAs do not represent original TSSs.
Currently, the KH gene model does not provide the TSS of a given
SL trans-spliced gene, making it difficult to analyze cis-regulatory
regions of SL trans-spliced genes. Matsumoto et al. (2010) showed
that there are many genes that give rise to both trans-spliced and
non-trans-spliced mRNAs over a very wide range of fractional
trans-splicing rates; they can be grouped into frequently trans-
spliced genes and infrequently trans-spliced genes. This suggests
that, for infrequently trans-spliced genes and frequently trans-
spliced but highly expressed genes, TSS-seq possibly captures 5
ends of not only mRNAs that have undergone trans-splicing but
also mRNAs that have not undergone trans-splicing and have re-
tained regions corresponding to outrons. Indeed, Khare et al.
(2011) identified and validated the TSS of a frans-spliced gene
(the Troponin I gene) by using TSS-seq and another approach.
TSS-seq therefore would provide a way to identify TSSs of some
trans-spliced genes.

Here, we identified TSSs at the genome-wide level using mul-
tiple samples derived from various tissues and developmental
stages in C. intestinalis. We then identified TSS clusters (TSCs),
which are high-density regions of TSSs, by clustering TSSs to deter-
mine promoter regions on the genome. TSCs are not equal to pro-
moters. Every TSC, however, should accompany a promoter region
on or near it for ensuring the transcription start from it. Thus, in
this study, we do not distinguish between the words “TSC” and
“promoter” for brevity. The identified TSCs were used to character-

ize promoters in C. intestinalis. Because the studies of human pro-
moters have been performed by using cap analysis gene expression
(CAGE) data, we also reanalyzed human TSSs obtained by using
TSS-seq to compare the general characteristics of TSSs and promot-
ers between C. intestinalis and human. In addition, we predicted
candidate promoters of SL frans-spliced genes based on our data,
and identified putative alternative promoters in C. intestinalis.

Results

Identification of TSSs and trans-splice acceptor sites

To identify TSSs and trans-splice acceptor sites (TASs) in C. intesti-
nalis, we mapped TSS-seq reads, which were obtained from four
different tissue samples (ovary, heart, body wall muscle, neural
complex) and larva (see Methods). The raw reads were prepro-
cessed and classified into SL(—) reads and SL(+) reads, which
were derived from the 5 end sequence of non-trans-spliced
mRNAs and frans-spliced mRNAs after removing SL sequences, re-
spectively (Supplemental Table 1; see Supplemental Methods).
These two types of reads were mapped to the reference genome
separately (see Supplemental Methods). The 5’ end positions of
uniquely mapped SL(-) reads and SL(+) reads were considered can-
didate TSSs and TASs, respectively (Supplemental Table 2). For hu-
man candidate TSSs, we used the data of 15 adult tissues in the
database of TSSs (DBTSS) (see Supplemental Methods; Yamashita
et al. 2012).

Identification of TSCs and TAS clusters

In both C. intestinalis and human, we identified TSCs, which are
high-density regions of candidate TSSs, by clustering candidate
TSSs to estimate the promoters from which the TSSs originate
(see Methods). The TSCs with a small number of tags (fewer than
100 tags) were not used in subsequent analysis because they might
be derived from erroneously oligo-capped truncated transcripts or
cryptic transcripts, which are thought to be inherent to the basic
transcriptional machinery (Yamashita et al. 2011). This clustering
and selection yielded 9792 and 15,498 TSCs in C. intestinalis and
human, respectively. These TSCs were used as an initial set of TSCs.

In C. intestinalis, it has been reported that there are many
nearest-neighbor pairs of TASs that are <50 nucleotides (nt) apart.
The distribution of the distance between the major and minor al-
ternative sites of the pair shows strong maxima at the +3 position,
where the zero position represents major sites (Matsumoto et al.
2010). In Matsumoto et al. (2010), it was also suggested that the al-
ternate use of short-interval acceptor sites reflects a stochastic as-
pect of the splicing mechanism and would have no impact on
the structure of encoded proteins. This result and suggestion led
us to cluster candidate TASs that are close to each other and consid-
er each cluster as a TAS. In C. intestinalis, we identified clusters of
TASs, which we call TACs, by clustering candidate TASs using a
4-bp sliding window. TACs with a small number of tags (fewer
than 100 tags) were removed because they might be derived
from TSS-seq reads caused by sequencing errors. In addition,
TACs with AG immediately upstream of the representative posi-
tion (the most frequent TAS in each TAC) were selected and used
in subsequent analysis because the AG motif is a feature of TASs
(Agabian 1990; Nilsen 1993). This clustering and selection yielded
5373 TACs (Supplemental Table 3). Most (88%) of them were locat-
ed at known TASs. The other TACs, which were not located at
known TASs, were considered to represent new TASs.
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Identification of RP gene TSSs

We first searched for TSSs of RP genes in C. intestinalis. In human
and Drosophila, it has been known that TSSs of RP genes have
special characteristics; transcription of RP genes preferentially
starts from a polypyrimidine initiator motif and each RP promoter
shows a sharp TSS distribution (Yoshihama et al. 2002; Perry 2005;
Yamashita et al. 2008; Parry et al. 2010). It is therefore expected
that TSSs of RP genes can be determined more clearly than those
of other genes. First, to determine the gene loci of all 79 RP genes
in the KH assembly, we identified orthologous genes of all 79 hu-
man RPs in C. intestinalis. Although 78 of 79 RP orthologous genes
were identified by BLAST and KH gene annotations (for BLAST, see
Supplemental Methods), we could not identify the orthologous
gene of human RPL41 due to the lack of annotation of Ciona
Rpl41 in the KH model. To identify the gene locus of Rpl41, we
mapped the cDNA sequence of Rpl41 obtained from the
Ribosomal Protein Gene database (RPG) (Nakao et al. 2004) by
the BLAST-like alignment tool (BLAT) (Kent 2002) and found
that it was located within the KH.C9.469 gene locus. We then
manually inspected all the 79 RP genes and successfully identified
their candidate promoters (79 TSCs) in the initial set of TSCs, each
of which had the representative TSS (the most frequent TSS) in a
polypyrimidine sequence and showed a sharp TSS distribution.

Most (72/78) of the representative TSSs identified for annotat-
ed RP genes were exactly located at their annotated TSSs, strongly
suggesting that the 72 representative TSSs, which start from poly-
pyrimidine tracts, represent true major RP gene TSSs. On the other
hand, those of six RP genes (Rps2, RpsS, Rps21, Rpl21, Rpl29, and
Rpl37) were >15 nt apart from their annotated TSSs. However,
we regarded the representative TSSs as the strongest candidates
of major TSSs of the six RP genes, because (1) unlike the annotated
TSSs of the six RP genes, they were found in polypyrimidine tracts
as well as the major TSSs of the 72 RP genes and (2) they had a
substantial number of mapped TSS-seq tags compared with the
annotated TSSs, including nearby regions (Supplemental Figs.
1-6). Notably, the representative TSS of RpI21 was found ~1700
bp upstream of its annotated TSS. This large discrepancy is because
Rpl21 is the second gene in an operon (KHOP.805). The Rpi21
promoter (TSC) was not located near the 5 end of the Rpl21
gene; rather, it was near the 5’ end of the operon, and a TAC was
located at the 5’ end of the Rpl21 (Supplemental Fig. 7), suggesting
that the Rpl21 is transcribed as a polycistronic form and is resolved
by SL trans-splicing into a monocistronic transcript that encodes
the RP.

Based on these results, we considered that the 79 TSCs are de-
rived from RP gene promoters and that their representative TSSs
are the major TSSs of RP genes. For this reason, the 79 TSCs will
be used to characterize RP gene promoters in this study (for the
complete list of the major TSSs of 79 RP genes, see Supplemental
File 1). Also, they will not be subject to any filtering of TSCs per-
formed in subsequent sections.

One-base pair-width TSCs

In the initial set of TSCs, we found many TSCs in intergenic
regions in both C. intestinalis and human (Supplemental Tables
4, 5). Remarkably, they contained many 1-bp-width TSCs (Sup-
plemental Fig. 8A), and the 1-bp-width TSCs in intergenic regions
exhibited a clear CTGG motif (Supplemental Fig. 8B). How-
ever, these TSCs with CTGG motif were likely to be generated
by mishybridization (nonspecific hybridization) of 5 oligos
in TSS-seq (Supplemental Fig. 9), and therefore were removed

from further analysis (see Supplemental Methods; Supplemental
Tables 6, 7).

After removing the CTGG TSCs, we found that there were still
many 1-bp-width TSCs, especially in introns and intergenic re-
gions in both C. intestinalis and human (Supplemental Fig. 10).
Notably, these 1-bp-width TSCs showed A+T-rich downstream re-
gions (Supplemental Fig. 8C), and many 1-bp-width TSCs with
A+T-rich downstream regions were found in both C. intestinalis
and human (Supplemental Fig. 11). In addition to the A+T-rich
TSCs, another type of 1-bp-width TSC was found near splice donor
sites on the reverse strand or their vicinity in C. intestinalis
(Supplemental Fig. 8D). These two types of 1-bp-width TSCs did
not exhibit a pyrimidine-purine (PyPu) motif (Supplemental Fig.
12), a known signature of human and C. infestinalis promoters
(Carninci et al. 2006; Okamura et al. 2011), at the —1,0 position,
where the zero position represents the representative TSS.
Although it is unclear whether these two types of 1-bp-width
TSCs are noise or atypical promoters, we removed them in both
C. intestinalis and human as well to increase the reliability of our
data set (see Supplemental Methods; Supplemental Tables 6, 7).
Other 1-bp-width TSCs were included in subsequent analysis.

TSCs in CDSs and 3’ UTRs

We also found many TSCs in coding DNA sequences (CDSs) and
3’ untranslated regions (UTRs) in both C. intestinalis and human
(Supplemental Tables 4, 5). For each CDS, we calculated the pro-
portion of the region covered by TSCs, and found that >50% was
covered by TSCs in most (80%) of the CDSs (Supplemental Figs.
13A, 14A), indicating that TSS-seq tags are broadly distributed
over the CDSs. In addition, there were many transcript models
in which a wide range of the entire coding region was covered by
TSCs, while the entire intron was almost not (Supplemental Figs.
13B, 14B). It seems that the TSS-seq tags were specifically distribu-
ted in coding regions in many transcripts. The TSCs in CDSs and
3’ UTRs had an initiator motif that was quite distinct from the
PyPu initiator motif (Supplemental Figs. 13C, 14C). In order to in-
crease the reliability of our data set, we removed TSCs in CDSs and
3’ UTRs from subsequent analysis in both C. intestinalis and hu-
man (see Supplemental Methods; Supplemental Tables 6, 7).

Core promoter elements in C, intestinalis promoters

After removing the three types of 1-bp-width TSCs and TSCs in
CDSs and 3’ UTRs, we obtained 1844 TSCs at known (annotated)
TSSs besides the 79 RP TSCs in C. intestinalis (Supplemental
Table 8). Because of the overlap between these 1844 TSCs and
known TSSs, they were considered to be reliable TSCs and repre-
sent known promoters. We therefore used a total of 1923 TSCs, in-
cluding the 79 RP TSCs, to investigate the characteristics of
promoters. Similarly, we obtained 5073 TSCs at known TSSs in hu-
man (Supplemental Table 9) and used them to compare promoter
characteristics between Ciona and human. The width of most of
the TSCs was <100 bp in both C. intestinalis and human (Supple-
mental Fig. 15), which is consistent with a previous study of mam-
malian promoters (Forrest et al. 2014).

We examined the positions of the best-known core promoter
element, TATA box, in C. intestinalis promoters. The positions of
TATA boxes were predicted using TRANSFAC’s MATCH program
(see Supplemental Methods). TATA boxes were preferentially posi-
tioned at —32 to —29 in C. intestinalis, as well as in human (Fig. 1).
Based on this observation, promoters with predicted TATA boxes
within —32 to —29 were defined as TATA-containing promoters.
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Figure 1. Distribution of TATA boxes. The positions of putative TATA
boxes were examined in core promoter regions. The x- and y-axes repre-
sent the distance from the representative TSS and the percentage of pro-
moters with the putative TATA box at a given position, respectively. In
addition to promoter sequences, the positions of putative TATA boxes in
random intergenic regions are also shown (blue line). Intergenic regions
(3000 and 6000) were randomly extracted from the C. intestinalis and hu-
man reference genomes, respectively. (PRMT) Promoter regions, (RI) ran-
dom intergenic regions.

Unlike TATA boxes, other known core promoter elements
(BRE, XCPE1, DCE, MTE, DPE) (Juven-Gershon et al. 2008) and
four Drosophila core promoter elements (DRE, motifs 1, 6, and 7)
(Ohler et al. 2002) were predicted in a very small percentage of
promoters and did not show positional preference at their known
locations in C. intestinalis promoters
(Supplemental Fig. 16). In addition, the

except Rpl22. In the Rpl22 promoter, it was located at thymine,
which was 2 nt downstream from C in a polypyrimidine tract
(Supplemental Fig. 19). We aligned the core promoter sequences
relative to the representative TSS and found a well-conserved poly-
pyrimidine initiator motif in C. intestinalis, as well as in human
(Fig. 2B). The central 6-nt polypyrimidine sequence from -1 to
+4 seems to be more strictly conserved in C. infestinalis than in
human.

The presence of TATA boxes in RP gene promoters was exam-
ined based on our definition of TATA-containing promoters. Of
the 79 RP gene promoters, only two were predicted to have TATA
boxes in C. intestinalis, whereas there are 16 RP gene promoters
in human. We also investigated the A+T-richness of TATA-less
RP gene promoters around the —30 position. In human, TATA-
less RP gene promoters exhibited A+T-richness around the —30 po-
sition like TATA-containing RP gene promoters (Fig. 2C), suggest-
ing that human RP gene promoters often have TATA boxes or
TATA-like sequences as previously reported in (Yoshihama et al.
2002; Perry 2005). On the other hand, in C. intestinalis, unlike
the two TATA-containing RP gene promoters, TATA-less RP gene
promoters did not exhibit A+T-richness around the —30 position
(Fig. 2C).

Characterization of nonribosomal protein gene promoters

We characterized nonribosomal protein (non-RP) gene promoters
in terms of core promoter elements and their TSS distribution. Of
the TSCs at known TSSs, 1844 and 5000 TSCs at non-RP gene TSSs

distribution of them in promoter se- A
quences was not clearly distinguished 100 Rpsa (KH.C11.148)
from that in random intergenic regions, o 754
suggesting that they are not overrepre- § 28:
sented in Ciona promoters. S O9GCATTTTTGCGCACTTTTAGCGTAAGATTTCTATAAATTTCTTTTCCCA
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Characterization of RP gene promoters < 22 7
We characterized Ciona RP gene promot- g o4 1 i U
ers using the 79 RP TSCs. Because TSSs of [ AATTCTTTTCTCTGAAAGCGTTGTAGTAAGGTGCATCGTTCTTTTTGCT
79 human RP genes have been already _"10 _éo _éo _;0 6
analyzed in a previous study (Perry Distance from the representative TSS (bp)
2005), we used them as the representa- B c
tive TSSs of human RP gene promoters. 2 C. intestinalis — TATA+ —— TATA-
As described in a previous section, C. intestinalis
we identified all 79 RP gene promoters 21
(TSCs), each of which has a sharp TSS TT T 0.8
distribution and a polypyrimidine tract M bronamel o s Om00 061
(Fig. 2A; Supplemental Figs. 17, 18). wrrrrrEE £041
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C in both polypyrimidine tracts (Fig.
2A). This type has also been observed in
human (e.g., RPL39), where transcription
begins at different cytosines within sepa-
rate polypyrimidine tracts (Yoshihama
et al. 2002).

The representative TSSs of RP genes
corresponded to C in all the 79 RP genes

Distance from the representative TSS (bp)

Distance from the representative TSS (bp)

Figure 2. Characterization of ribosomal protein (RP) gene promoters. (A) TSS distributions and poly-
pyrimidine tracts of RP gene promoters. The TSS distributions of the Rpsa and RplpT promoters are shown
as examples. The nucleotides at the corresponding positions, including polypyrimidine tracts, are also
shown. (B) Polypyrimidine initiator of RP gene promoters. The sequences from —10 to +9 of the 79 RP
gene promoters were aligned relative to the representative TSS. The TSSs reported by Perry (2005)
were used as the representative TSSs of human RP gene promoters. (C) Distribution of the A+T content
of RP gene promoters. The A+T content was calculated by using a 10-bp sliding window. TATA+ and
TATA- represent TATA-containing and TATA-less RP gene promoters, respectively.
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were used for the characterization of non-RP gene promoters in
C. intestinalis and human, respectively. We first classified the
non-RP gene promoters based on TSS distribution types and the
presence or absence of TATA boxes to examine the association be-
tween these characteristics. The non-RP gene promoters were
divided into three classes based on their TSS distribution types:
“sharp,” “broad,” and “other” (see Supplemental Methods;
Supplemental Fig. 20). The “other” group represents promoters
that were not classified into either the “sharp” or “broad” category
because of the ambiguity of the TSS distribution shape. They were
further classified into TATA-containing and TATA-less promoters
based on the presence or absence of TATA boxes (Table 1). In
both C. intestinalis and human, most TATA-containing promoters
showed a sharp TSS distribution, and almost all broad-type pro-
moters were TATA-less promoters. These results were consistent
with the fact that TATA-binding protein is responsible for specify-
ing the exact position of transcription initiation (Baumann et al.
2010). However, in spite of the absence of TATA boxes, TATA-
less promoters did not always show a broad TSS distribution; there
were many TATA-less promoters with a sharp TSS distribution. In
this study, we examined the characteristics of the three main pro-
moter classes: TATA-containing sharp-type promoters, TATA-less
sharp-type promoters, and TATA-less broad-type promoters. The
“other” promoters were not considered in further analysis because
their TSS distribution shapes seemed ambiguous.

We investigated which dinucleotides were preferentially
used as TSSs. In C. intestinalis, three PyPu dinucleotides (CA, TA,
and TG) were significantly used as TSSs in all the three classes
compared with their background frequencies in the genome
(Bonferroni-corrected P <0.01; binomial test) (Fig. 3). This charac-
teristic was conserved between C. intestinalis and human, although
CG was also often used as TSSs in human. Of the four PyPu dinu-
cleotides, CA and TA were more frequently used as TSSs in C. intes-
tinalis than the others, whereas only CA was dominant in human.
We also found differences in TSS usage between sharp-type and
broad-type promoters. The sharp-type promoters showed higher
TSS usage of CA than the broad-type promoters. Instead, the other
PyPu dinucleotides (TA, TG, and CG) were more frequently used in
the broad-type promoters than the sharp-type promoters. This dif-
ference seems to be conserved between C. intestinalis and human
(Supplemental Fig. 21).

In human, it is known that broad-type and TATA-less promot-
ers are associated with CpG islands and ubiquitously expressed
genes (Yamashita et al. 2005; Carninci et al. 2006; Yang et al.
2007). Indeed, our study showed that human TATA-less promoters

Table 1. Association between the TATA box and TSS distribution
type

C. intestinalis Human

TATA+ TATA- Total TATA+ TATA- Total
Sharp 229 301 530 388 1015 1403
Broad 27 700 727 43 1933 1976
Other 32 555 587 61 1560 1621
Total 288 1556 1844 492 4508 5000

The non-RP gene promoters were classified into six classes based on the
presence or absence of TATA boxes and the TSS distribution types. The
number in each cell represents the number of promoters in each class.
TATA+ and TATA- represent TATA-containing and TATA-less promoters,
respectively.

had a significantly higher CpG content and lower expression spe-
cificity than TATA-containing promoters (Bonferroni-corrected
P<0.01; Mann-Whitney U test) (Fig. 4). On the other hand, it is
known that C. intestinalis does not seem to have CpG islands
(Okamura et al. 2011). In this study, we examined whether there
are differences in the CpG content of the promoter classes. We
did not find significant differences in the CpG content of the three
promoter classes, suggesting that neither TATA boxes nor TSS dis-
tribution types are associated with CpG dinucleotides in C. intesti-
nalis. Nevertheless, like human TATA-less promoters, Ciona TATA-
less promoters showed significantly lower expression specificity
than TATA-containing promoters (Bonferroni-corrected P<0.01;
Mann-Whitney U test) (Fig. 4).

A recent analysis of human promoters using CAGE data with
greater sequencing depth showed that broad-type promoters ex-
hibit more precise nucleosome positioning than sharp-type pro-
moters and a 10.5-bp periodic distribution of WW motifs at +1
nucleosome position (Forrest et al. 2014). Also in this study, we ob-
served the periodic distribution of WW motifs in human broad-
type promoters especially in the +50 to +90 region, although the
periodicity was not clearer than that in the previous study due to
the lower sequencing depth of the TSS-seq data (Supplemental
Fig. 22). The periodic distribution of WW motifs was also found
in C. intestinalis broad-type promoters, and its periodicity in the
+120 to +210 region seemed to be clearer than sharp-type promot-
ers (Supplemental Fig. 22), suggesting that broad-type promoters
show more precise nucleosome positioning than sharp-type pro-
moters in C. intestinalis.

Identification of putative promoters in C. intestinalis

In addition to the TSCs at known TSSs that were used for promoter
characterization analysis above, many TSCs were found in 5" UTRs,
introns, and intergenic regions in C. intestinalis (Supplemental
Table 8). Because these TSCs were not supported by annotated
TSSs, their reliability was considered to be lower than that of the
TSCs at known TSSs. To check the quality of them, we examined
their initiator motifs and found that they had relatively conserved
PyPu initiator motifs (Supplemental Fig. 23), suggesting that many
of them are true TSCs. To increase their reliability as much as pos-
sible for subsequent analysis, we selected the TSCs with the dinu-
cleotides TA, CA, or TG at their peak TSSs because most (88%) of
non-RP promoters used these three PyPu dinucleotides as TSSs in
C. intestinalis, as shown in Figure 3. The peak TSSs of a TSC were
defined as all TSSs with a frequency that was more than half of
that of the most frequent TSS. These selected TSCs were considered
to be putative promoters, which are newly identified promoters
and have not been annotated in the KH model (version 2013).
Many putative promoters were found in 5 UTRs, introns, and
intergenic regions. Some putative promoters (32 TSCs) overlapped
with known TASs (Supplemental Fig. 24). In the subsequent sec-
tions, a set of the selected TSCs and the TSCs at known TSSs, in-
cluding the 79 RP TSCs, is referred to as a final set of TSCs
(Supplemental Table 6).

Candidate promoters of SL trans-spliced genes

We predicted candidate promoters of some SL trans-spliced genes
by selecting pairs of TSCs and TACs. Given the fact that there are
frequently and infrequently trans-spliced genes (Matsumoto
et al. 2010) and the possibility that TSS-seq captures the 5 ends
of transcripts with and without the original 5 regions (Khare
et al. 2011), we can expect that, for infrequently trans-spliced
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Figure 3.

Frequency of dinucleotides used as TSSs. The frequencies of 16 dinucleotides at the —1,0 po-
sition, where the zero position represents the representative TSS, were examined in non-RP gene promot-

gene. The full list of candidate promoters
can be found in Supplemental File 2.

ers. Each bar represents the percentage of each dinucleotide. The percentage of each dinucleotide in the
genome sequence is also shown. To examine which dinucleotides were used as TSSs in each promoter

class, we compared the percentage of each dinucleotide in each promoter class and the genome, and
we evaluated the difference using the binomial test. (*) P<0.05 and (**) P<0.01, Bonferroni-corrected.

genes and frequently trans-spliced but highly expressed genes,
there are not only TACs at the 5’ ends of their SL-type transcript
models but also TSCs upstream of them. In these cases, both of
the clusters (the TAC and the upstream TSC) may show the same
or similar expression specificity because they are derived from
the same trans-spliced gene. We therefore searched for pairs of clus-
ters that were significantly highly expressed in the same sample.
The significance of expression was evaluated by a relative entropy
and hypergeometric test (see Supplemental Methods). The TACs
(Supplemental Table 3) and the final set of TSCs were used in
this search. The minimum and maximum distances between the
TAC and the upstream TSC, that is, the minimum and maximum
length of outron, were set to 51 and 2000 bp, respectively. The
51-bp lower limit was chosen based on the report showing that
synthetic AU-rich RNA, >51 nt, placed upstream of a 3" splice
site results in efficient trans-splicing in Caenorhabditis elegans
(Conrad et al. 1995). The 2000-bp upper limit was derived from
the report showing that most (>90%) of outrons are <2000 bp in
C. elegans (Kruesi et al. 2013). In this study, the outron means dis-
carded 5 end regions of “non-operon-type” trans-spliced genes.
The pairs of clusters that correspond to annotated “operon-type”
trans-spliced genes were excluded in this search.

We found 264 pairs of clusters with the same expression
specificity. The predicted pairs were classified into two unannotat-
ed-operon-type pairs and 262 non-operon-type pairs (for the defini-
tion of these two types, see Supplemental Methods). The
unannotated-operon-type pairs may indicate operons that have
not been annotated yet, and their TSCs may represent operon
gene promoters. The mean distance between the TACs and the up-
stream TSCs of the non-operon-type pairs, which is the mean
length of putative outrons, was 438 bp (Supplemental Fig. 25).
The peak of the outron length distribution was found to be ~100
bp, and many outrons were <500 bp. These characteristics of outron
length were similar to those in C. elegans (Kruesi etal. 2013). The pu-
tative outrons had similar A, T, and C content as introns but had sig-

Characterization of trans-spliced gene
promoters

To examine the difference between trans-
spliced gene promoters and non-frans-spliced gene promoters, the
1844 non-RP promoters were classified into five classes: predicted
trans-spliced gene promoters, non-trans-spliced gene promoters,
annotated operon gene promoters, predicted operon gene promot-
ers, and not-determined (ND) promoters. We examined N; + N,
content around TSSs, where N; and N, are different nucleotides,
and found that trans-spliced gene promoters clearly showed higher
G+T content than non-frans-spliced gene promoters at regions (+1
to +20) immediately downstream from TSSs (Supplemental Fig.

C. intestinalis Human
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Figure4. CpG content and expression specificity. The CpG content was
calculated in each core promoter sequence (—100 to +99) in each promot-
er class. The CpG content was defined as the number of CpG sites divided
by (N — 1), where N is the length of the core promoter sequence (200 bp).
The expression specificity was evaluated by relative entropy (see Supple-
mental Methods).
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Figure 5. Candidate promoter of the Heat shock protein beta-1 gene. The TSC and TAC are marked by
red and green dotted rectangles, respectively. The arrows indicate annotated TASs. The region of the pu-
tative outron is represented by a double-headed arrow. (BWM) Body wall muscle, (NC) neural complex.

27). We therefore focused on G+T content and examined whether
the high G+T content of frans-spliced gene promoters is conserved
regardless of outron length. We found that trans-spliced gene pro-
moters exhibited high G+T content around 10-20 bp downstream
from TSSs regardless of their putative outron length (Fig. 6;
Supplemental Table 10), and the downstream regions (+1 to +20)
of non-trans-spliced gene promoters had significantly low G+T
content compared with all the other classes (FDR<0.05; Mann-
Whitney U test). We also applied the same analysis to the 79 RP
gene promoters and examined G+T content. Although the num-
ber of trans-spliced RP gene promoters was very small and a statisti-
cally significant difference was not observed, they showed higher
G+T content ~30 bp downstream from TSSs than non-trans-
spliced RP gene promoters (Fig. 6; Supplemental Table 10).

Identification of putative alternative promoters

We examined alternative promoters in C. infestinalis by assigning
the final set of TSCs to the genes to which they belong as follows.
First, all of the TSCs except intergenic TSCs were assigned to the
genes on which they were located. Second, intergenic TSCs were
assigned to the nearest downstream genes if they were located
within <500 bp of the 5’ ends. In addition, the intergenic TSCs
that had been predicted to be candidate promoters of SL trans-
spliced genes were assigned to the corresponding genes.

Out of the final set of TSCs (3206 TSCs), 2703 were assigned
to 2581 genes. About 4.5% (115/2581) of the genes had two or
more alternative promoters (TSCs) (Supplemental Table 11).
Supplemental Figure 28 shows the putative alternative promoters
of the Betagamma crystallin gene (KH.S605.3) (Shimeld et al.
2005). Interestingly, this gene had two alternative promoters
with different expression specificity: One had neural complex—
specific expression, and the other had larva-specific expression,
suggesting that this gene has two distinct transcriptional mecha-
nisms in larva and the adult neural complex. The larva-specific
promoter had a canonical TATA box ~30 bp upstream, whereas
the neural complex-specific promoter did not. Our results provid-
ed information about putative alternative promoters and their ex-
pression specificity (for details, see Supplemental File 3). These
data will be useful for deciphering transcriptional regulatory codes
controlling tissue-specific expression in chordates.

width TSCs: CTGG, A+T-rich TSCs, and
TSCs near splice donor sites on the re-
verse strand. Zhao et al. (2011) also re-
ported a different type of 1-bp-width
TSCs, called ultra-dense TSS distribu-
tions, in mouse and human promoter
analysis using CAGE data, and they showed that some of them
are likely due to mapping errors in the CAGE protocol. The
CTGG TSCs, which have a CTGG motif immediately upstream of
the representative position, are probably technical artifacts gener-
ated by the mishybridization of 5’ oligos in the TSS-seq protocol. It
is therefore important to remove the CTGG TSCs when using TSS-
seq data. Although we do not know the generation mechanism of
the other two types of 1-bp-width TSCs, the transient pausing of
RNA polymerase II within A+T-rich regions and the following
backtracking and cleavage (Nechaev et al. 2010) might be involved
in the generation of the A+T-rich TSCs. In addition to the 1-bp-
width TSCs, TSCs in exons, such as CDSs and 3’ UTRs, may be
derived from 5 ends of truncated mRNAs, including recapped
RNAs (Schoenberg and Maquat 2009; Yamashita et al. 2011).
Considering that TSCs in exons often had their peaks near splice
acceptor sites (Supplemental Fig. 29), truncations of mRNAs might
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trans-spliced(>=200bp) — ND
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Figure 6. Distribution of G+T content. Average G+T content was calcu-
lated using a 20-bp sliding window in each promoter class. The class of
predicted operon gene promoters was not shown because the number
of them was very small. The number in the parentheses represents the out-
ron length of trans-spliced genes. (RI) Random intergenic regions.
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occur not after they become mature mRNAs but during splicing
events.

Major TSSs of 79 Ciona RP genes were identified for the first
time in this study. In the KH model, there are multiple transcript
models with different 5’ ends for each RP gene; there are multiple
annotated TSSs for each RP gene, and it is unclear which TSSs are
major (most frequently used) TSSs. Our results thus provide impor-
tant and useful information for TSSs of RP gene promoters.
Somewhat surprisingly, the major TSSs of six RP genes were not lo-
cated at any of their annotated TSSs and were considered newly
identified TSSs. Interestingly, the Ciona Rpl21 was suggested to un-
dergo operon-type frans-splicing, although RP genes are thought
to be infrequently and/or undetectably trans-spliced genes due to
the presence of a terminal oligo-pyrimidine (TOP) sequence at
their 5 ends (Matsumoto et al. 2010). This result may suggest
that the Ciona SL sequence can function as the TOP, as suggested
in Oikopleura dioica (Danks et al. 2015).

Ciona RP gene promoters possessed a well-conserved polypy-
rimidine initiator motif with a C start site like human RP gene pro-
moters. Especially, the central 6-nt polypyrimidine sequences from
—1 to +4 were highly conserved in C. intestinalis. This conserved
polypyrimidine initiator has also been found in 52 Drosophila
RP gene promoters, and mutational analysis has demonstrated
that the central 6-nt sequences are most important for the tran-
scription of RP genes (Parry et al. 2010). The 6-nt pyrimidine region
with a C start site probably plays an important role in transcription
also in C. intestinalis. However, in the Ciona Rpl22 promoter, tran-
scription did not preferentially start from cytosine but started
from thymine 2 nt downstream from the cytosine, suggesting
that cytosine is not an absolute start site of RP gene promoters.
Although it is unknown why transcription does not start from
cytosine, the presence of cytosine nucleotides in all the RP gene
polypyrimidine initiators may suggest their importance in the ini-
tiators; a poly-thymine initiator without cytosine may not be suffi-
cient for the transcription of Rpl22. Taken together, the cytosine or
thymine in polypyrimidine tracts appears to be a dominant start
site of Ciona RP genes. However, it seems that transcription some-
times starts from purine nucleotides (A or G) of PyPu sites closely
downstream from polypyrimidine tracts at a relatively low frequen-
cy (Supplemental Fig. 30). These start sites are considered minor
TSSs of RP genes, but the mRNAs transcribed from these minor
TSSs do not possess TOP sequences at their 5’ ends, which are
thought to serve as a cis-regulatory element that inhibits the bind-
ing of translational regulatory proteins or the translational machin-
ery itself (Yamashita et al. 2008). Therefore the post-transcriptional
regulation of them may be different from that of mRNAs with TOP
sequences.

Most of Ciona RP gene promoters did not appear to have typ-
ical TATA boxes around the —30 position, unlike human RP gene
promoters. Because the general features of RP gene promoter archi-
tecture are usually well conserved in human, chicken, amphibians,
and fish (Perry 2005), the absence of TATA boxes in C. intestinalis
suggests that RP gene promoters acquired them during an early
stage of vertebrate evolution. As a result, we wonder whether RP
gene promoters have TATA boxes in primitive vertebrates, such as
lamprey. Recent analysis showed that TBP (TATA box- binding pro-
tein)-related factor TRF2, but not TBP, is required for transcription
of RP genes with polypyrimidine initiator motifs in Drosophila
(Wang et al. 2014). Ciona TATA-less RP genes therefore also may
use a TRF2-based transcription system. Extensive analysis of over-
represented motifs in RP gene promoters have been done in
many species, such as human, Drosophila, yeast, C. elegans, and

basal metazoans (Tanay et al. 2005; Roepcke et al. 2006; Ma et al.
2009; Perina et al. 2011; Sleumer et al. 2012). Our preliminary study
of C. intestinalis RP gene promoters focused only on a polypyrimi-
dine initiator motif and the best-characterized promoter motif,
TATA box. Further detailed analysis of RP gene promoter architec-
ture is required to elucidate the transcriptional mechanism of RP
genes in C. intestinalis and to understand the evolution of RP
gene promoters in chordates.

In Ciona non-RP promoters, two PyPu dinucleotides (CA and
TA) were the most frequently used as TSSs, while only CA was dom-
inantly used in human. This difference probably arises from the
A+T-richness of the C. intestinalis genome. Indeed, the T content
is higher around the TSS than the A, C, and G content in C. intes-
tinalis promoters (Supplemental Fig. 31). On the other hand, CG
was used more often in TSSs in human than in C. intestinalis, re-
flecting the high GC content of human promoters.

In human, TATA-less promoters had a higher CpG content
and lower expression specificity than TATA-containing promoters,
suggesting that they are associated with CpG islands and house-
keeping genes (Yamashita et al. 2005; Carninci et al. 2006; Yang
et al. 2007). In C. intestinalis, TATA-less promoters did not exhibit
a high CpG content, supporting the hypothesis that C. intestinalis
does not have CpG islands (Okamura et al. 2011). Nevertheless,
C. intestinalis TATA-less promoters showed lower expression speci-
ficity than TATA-containing promoters, like human TATA-less pro-
moters. These results raise a new question: Do Ciona promoters
have a substitute for CpG islands that is associated with house-
keeping genes? It is presently unknown what elements play an
important role in recruitment of RNA polymerase II into Ciona
TATA-less promoters. In human broad-type TATA-less promoters,
CpG islands can provide multiple binding sites of the transcription
factor SP1 that binds to GC box motifs and recruits TBP to promot-
ers (Butler and Kadonaga 2002; Deaton and Bird 2011). Unknown
elements in C. intestinalis TATA-less promoters may be present at
multiple sites in promoters as do GC boxes in CpG islands and
function as binding sites of unknown factors that recruit general
transcription factors. To answer whether such elements exist or
not, we need more comprehensive and detailed analyses focusing
on TATA-less promoters. At least, known polymerase II promoter
elements in the JASPAR database (Sandelin et al. 2004) and
Drosophila promoter elements (DRE, motif 1, 6, and 7) (Ohler
et al. 2002) were not enriched in either sharp-type or broad-type
TATA-less promoters (Supplemental Fig. 32).

In this study, 15.6% (288/1844) of Ciona non-RP promoters
were estimated to have TATA boxes. This proportion was signifi-
cantly higher than that of human non-RP promoters (9.8%).
Some of this difference may be explained by a limitation of TATA
box prediction; we used PWMs of vertebrate TATA boxes for predic-
tion of Ciona TATA boxes because there are presently no PWMs of
TATA boxes for tunicates, including Ciona in the TRANSFAC and
the JASPAR database. In this prediction, the sites with a score above
a defined threshold, which is predefined by experts for each verte-
brate PWM, were predicted to be TATA boxes. However, because
the regions around TSSs have higher A+T content in Ciona, the
threshold used may be lenient, producing higher false positives;
therefore, the real proportion of TATA-containing promoters may
be <15% in Ciona. Another possibility is that the number of
Ciona promoters used is smaller than that of human promoters.
Future studies using more samples would improve this estimation.

Many putative promoters (TSCs that were not located at
known TSSs) were found in intergenic regions, suggesting that
there are many transcription units that have not been annotated
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yet in the KH model. Some of these unannotated transcripts may
code for noncoding RNAs because a number of candidate noncod-
ing RNAs, including microRNAs, have been identified in C. intesti-
nalis (Sasakura et al. 2012). Interestingly, some putative promoters
(TSCs) overlapped with TASs. This result may suggest that the
regions near TASs can function as alternative promoters of trans-
spliced genes. These trans-spliced genes might not require trans-
splicing to be expressed. It has been speculated that one of the
functions of trans-splicing is to remove 5" UTRs that include ele-
ments compromising mRNA transport, translation, or stability
(Hastings 2005). The transcription from alternative promoters
near TASs might be an alternative way to make pre-mRNAs not in-
clude deleterious elements at their 5’ UTRs.

In this study, to obtain the putative promoters, we selected
only the TSCs with PyPu motifs at frequent TSSs. However, this se-
lection may not be enough to completely remove false TSCs
because we did not use additional NGS data, such as ChIP-seq
data for histone modifications, which can be used for evidence
of active promoters (Lenhard et al. 2012). In addition, it does not
consider true TSCs without PyPu motifs; they are not included in
a final set of putative promoters, and therefore, the analysis is lim-
ited to promoters with PyPu motifs. These are thought to be limi-
tations of our study. However, at least, we confirmed that the
selected TSCs exhibited an initiator motif very similar to that of
non-RP promoters (Supplemental Fig. 33), suggesting that most
of them are true TSCs. They were therefore considered to represent
putative promoters.

TSS-seq allowed us to predict TSSs of some trans-spliced genes.
A previous report that identified the TSS of the trans-spliced tropo-
nin I gene by using the same method as TSS-seq (Khare et al. 2011)
and the fact that our TSS-seq tags were found at the reported TSS
(Supplemental Fig. 34) indicate that our data are also useful for
identification of TSSs of trans-spliced genes. By comparing the pro-
moters of predicted frans-spliced genes and non-trans-spliced
genes, we found that the trans-spliced gene promoters exhibited
higher G+T content at <20 bp downstream from TSSs than non-
trans-spliced gene promoters. The preferential association of
G+T-rich regions with frans-spliced gene promoters was observed,
not only for genes in general but also within the RP gene subset.
The G+T-rich regions downstream from TSSs therefore might
play some role in trans-splicing.

The predictions of trans-spliced gene TSSs were performed
based on the assumption that pairs of TSCs and TACs have the
same expression pattern, but there is a possibility that the rate of
trans-splicing of a given gene is controlled differently across tis-
sues. In this case, pairs of TSCs and TACs will not have the same
expression pattern, and therefore, our method can miss such pairs.
However, whereas the distribution of predicted outron length
showed the same properties as that reported in C. elegans (Kruesi
et al. 2013), the distribution of distance between pairs of TSCs
and TACs that have different expression patterns did not show
them (Supplemental Fig. 35). It seems that the assumption is use-
ful for the prediction, at least in this study. Although predicted
TSSs are not experimentally validated by additional approaches,
these data will contribute to future analysis of cis-regulatory
regions of the trans-spliced genes.

Methods
Data sources

In order to determine TSSs in C. intestinalis, we applied TSS-seq
(Yamashita et al. 2011) to four different adult tissues (ovary, heart,

body wall muscle, and neural complex) and one developmental
stage (larva) to obtain five sets of reads data. Adult tissues were ob-
tained from mature adults of C. intestinalis that were collected from
harbors in Murotsu, Hyogo, Japan, or were obtained from the
National BioResource Project. Larvae were obtained as described
previously (Yoshida et al. 2007). The reads data are 36-nt single-
end reads.

Identification of TSCs and TACs

TSCs and TACs were identified by clustering candidate TSSs and
TASs, respectively. Details of the clustering method are described
in Supplemental Methods. Each cluster consisted of up to five
and 15 clusters derived from each sample in C. intestinalis and hu-
man, respectively. The representative position of each cluster was
determined by a majority vote of the most frequent positions ob-
tained from clusters with 100 tags or more derived from each sam-
ple. If there were two or more representative positions, the most
upstream position was used. Also, of the clusters derived from
each sample with the most frequent position as the representative
position, the cluster with the greatest number of tags was selected
as the representative cluster. The clusters with more than 100 tags
in the representative cluster were not used in this study. Unless
otherwise noted, the TSS distribution of a TSC indicates that of
the representative TSC. The width of a TSC was defined as the dis-
tance from the fifth percentile to the 95th percentile of the TSS
distribution.

Data access

TSS-seq data from this study have been deposited in the NCBI
Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra/)
under accession number SRP063032.
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