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Chapter 5

Identification of Genuine
Alternative Splicing Variants
for Rare or Long-Sized Transcripts
Seishi Kato*
Research Institute, National Rehabilitation Center for Persons with Disabilities,
Tokorozawa, Japan

Abstract
Only sequence analysis of full-length transcripts can identify genuine alternative
splicing variants. However, it was difficult to obtain full-length cDNAs for rare or longsized transcripts. Recently, we have developed a powerful method, named a vectorcapping method, to construct a size-unbiased full-length cDNA library containing rare or
very-long-sized cDNA clones with >10kbp inserts. The characteristic of the full-length
cDNA contained in this library is that the intactness of the 5‘-end capped site sequence of
the cDNA can be assured by the presence of an additional dG at its 5‘ end. Since this fulllength cDNA is derived from a single mRNA, this library enables us to perform in-depth
analysis of genuine alternative splicing variants. Using the vector-capping method, we
prepared full-length cDNA libraries from human retina-derived cell lines and analyzed
the full sequence of the clones. As a result, we found many novel alternative-splicing
variants for rare or long-sized transcripts. In this chapter, I show the examples of these
variants including very-long-sized transcripts with >7kbp that were identified by us for
the first time.

1. Introduction
The Human Genome Project revealed that the human genome seems to encode only
20,000~25,000 protein-coding genes (International Human Genome Sequencing Consortium,
*
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2004). The analysis, including the evolutional conservation, further cut the number of proteincoding genes to ~20,500 (Clamp et al., 2007). This number was unexpectedly small to
understand the function of genes underlying the complex biological system in the cell. This
issue has been solved by the discovery of diverse transcript variants for each gene. The recent
research showed that diverse variants are produced from a single gene locus due to alternative
promoter usage (Kimura et al., 2006), alternative splicing (AS) (Modrek et al., 2001), and
alternative polyadenylation (Beaudoing et al., 2000). Initially, these variants were identified
by mapping of expressed sequence tags (ESTs) to the genome. Recently, a new highthroughput sequencing technology such as mRNA-seq was applied to in-depth sequencing
analysis of mRNAs isolated from various tissues and cell lines. These analyses revealed that
more than 90% of human genes undergo AS (Wang et al., 2008; Pan et al., 2008).
Since the AS events vary between tissues and between developmental stages, each AS
variant should be involved in the regulation of tissue-specific or cell-specific development.
To fully understand the relationship between the genetic information encoded by the genome
and the biological function of the cell, it is necessary to identify all transcripts including a full
set of AS variants. One trial to achieve this purpose was an ENCODE project (ENCODE
Project Consortium, 2011). This project adopted tiling DNA microarrays, RNA-seq, capanalysis of gene expression (CAGE), and paired-end diTag (PET) to determine exonic
regions, transcription stat sites (TSSs), splice junctions, transcript 3‘ ends, and
polyadenylation sites (Djebali, 2012). However, these protocols produce only partial
sequence showing the presence of each site. Patterns of AS and alternative cleavage and
alternative polyadenylation were found to be strongly correlated across tissues (Wang et al.,
2008). This means that we need to know the precise combination of these alternative sites to
determine the correlation between them.
To know the combination of multiple variation sites in a single transcript, the full
sequence of the full-length transcript is required. The analysis of full-length transcripts can be
achieved by obtaining the corresponding full-length complementary DNA (cDNA). Largescale sequencing analyses of full-length cDNA clones were carried out using full-length
cDNA libraries synthesized with the oligo-capping method (Takeda et al., 2006; Wakamatsu
et al., 2009). These analyses identified a large number of AS variants including alternative
TSSs.
The conventional methods for synthesizing full-length cDNAs have the following
problems: (i) inability to determine whether or not the cDNA starts from a true TSS, (ii) loss
of some clones due to restriction enzyme treatment during a cDNA synthesis process, (iii)
difficulty in synthesizing long-sized cDNAs. Recently, we have developed a novel method,
named a vector-capping method, to overcome these problems (Kato et al., 2005; Kato et al.,
2011). Using this method, we prepared full-length cDNA libraries from human retina-derived
cell lines. By the large-scale sequencing analysis of these libraries, we identified a lot of
novel AS variants (Kato et al., 2005; Oshikawa et al., 2008; Oshikawa et al., 2011). In this
chapter, I describe the examples of novel splicing variants for rare or long-sized genes we
identified, and I would like to emphasize the importance of identifying a genuine AS variant
derived from a single mRNA using full-length cDNA.
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2. Synthesis of Full-Length cDNA Using
the Vector-Capping Method
We started our investigation 20 years ago by focusing on how to obtain whole human
proteins. The strategy we took was to collect all proteins as a form of cDNA. At that time, the
Human Genome Project had been launched and one of the projects was to analyze ESTs.
However, ESTs composed of cDNA fragments were not suitable to obtain proteins. To
achieve our purpose, we needed to obtain a full-length cDNA that contains an intact open
reading frame (ORF) to produce the encoded protein. Thus, we developed a novel method to
synthesize full-length cDNA based on replacing the cap structure of mRNA by a DNA-RNA
chimeric oligonucleotide (Kato et al., 1994). This method enabled us to effectively synthesize
full-length cDNAs, but it had drawbacks; it required a lot of mRNA and many reaction steps.

Figure 1. Schematic procedure for the vector-capping method. Several micrograms of total RNA is
enough as a starting material. A vector primer has an approximately 60-nucleotide dT tail. The EcoRI
digestion step can be omitted. Since the full-length cDNA vector has an SV40 promoter, the encoded
protein can be produced in the mammalian cells by introducing the vector into the cells.
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When improving this method, we succeeded in developing the vector-capping method
shown in Figure 1 (Kato et al., 2005; Kato et al., 2011). Its process is very simple; the firststrand cDNA is synthesized using a vector primer, and then the vector-cDNA conjugate is
circularized. The development of this method is attributed to the discovery of an unexpected
reaction: the 3‘ end of the first-strand cDNA can be ligated to the 5‘ end of the vector primer
using ―RNA ligase‖. Furthermore, we found that the full-length cDNA possesses an
additional dG at the 5‘ end. This additional dG is derived from dC that added to the 3‘ end of
the first-strand cDNA by terminal deoxynucleotidyl transferase activity of reverse
transcriptase only when the template mRNA has a cap structure. Thus, the presence of the
additional dG at the 5‘ end assures the intactness of the 5‘-end capped site sequence of the
cDNA.
The full-length cDNA library constructed using the vector-capping method has the
following advantages compared with those by conventional methods:
(i) the library is composed of genuine full-length cDNA clones of > 95% content,
(ii) we can identify full-length cDNA by the presence of an additional dG at the 5‘ end,
(iii) artificial mutation or deletion seldom occurs because the procedure contains neither
PCR nor the restriction enzyme treatment step,
(iv) the library contains full-length clones for rare or long-sized genes,
(v) we can easily identify the cDNA for an antisense gene due to the use of the vector
primer.
Thus, the resulting cDNA library seems to provide us with the full-length cDNA clones
ideal for identifying the alternative TSS, AS, and alternative polyadenylation.

3. Analysis of Full-Length cDNA Clones
3.1. Retina-Derived Full-Length cDNA Libraries
We have been searching for genes responsible for retinitis pigmentosa, which is the major
cause of visual impairment among patients visiting our center. To identify a novel candidate
gene causing this disease, we identified genes specifically expressed in the retina by
analyzing the full-length cDNA libraries that were constructed from human retinal pigment
epithelium cell line ARPE-19 and human retinoblastoma cell line Y79 using the vectorcapping method (Kato et al., 2005; Oshikawa et al., 2008; Oshikawa et al., 2011). We
randomly picked up 100,000 clones from each library and stored them as glycerol stocks. By
sequencing the 5‘ end of approximately 24,000 clones from each library, we identified a total
of 39,643 full-length cDNA clones that were classified into 7,067 genes (Oshikawa et al.,
2011). In this section, I describe the examples of novel AS variants obtained from the above
libraries. Most of full-length clones and the other full-length cDNA libraries remain not fully
analyzed: ARPE-19, 52,800 clones; Y79, 52,800 clones; embryonal pluripotent carcinoma
cell line NT2/D1, 76,800 clones; human testis, 76,800 clones. If researchers are interested in
particular genes, they may find new AS variants by full sequencing of those clones. All
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clones are available from RIKEN BioResource Center DNA Bank (http://dna.brc.
riken.jp/en/NRCDhumen.html).

3.2. Characterization of Eye-Specific Genes
3.2.1. Aryl Hydrocarbon Receptor Interacting Protein-Like 1 (AIPL1)
Since retinoblastoma cell line Y79 is derived from cone progenitor cells (Xu et al., 2009),
Y79 cells expressed various photoreceptor-specific genes. One of abundant eye-specific
genes found in our Y79 full-length cDNA libraries was AIPL1. AIPL1 has been identified as a
gene responsible for Leber congenital amaurosis (LCA), a severe early-onset retinopathy that
leads to visual impairment in infants (Sohocki et al., 2000).
Fifteen clones (C1-C15) encoding AIPL1 were fully sequenced, and their exon-intron
structures were determined as shown in Figure 2. Since TSSs were distributed within the
range of position -14 to position 13, the same promoter seemed to be used. We identified
seven AS variants by the shift of a splicing site, skipping of exon 3, and the alternative use of
a polyadenylation signal. The encoded proteins were classified into five isoforms: 384-amino
acid (aa) isoform (V1 and V4, 9 clones); 345-aa isoform (V3, 2 clones); 321-aa isoform (V2
and V5, 2 clones); 270-aa isoform (V6, 1 clone); 262-aa isoform (V7, 1 clone). The
difference between V1 and V4 and the difference between V2 and V5 were due to the
alternative use of the polyadenylation signal. V3 showed the 58-bp downstream shift of the 3‘
splice site of exon 1 (designated by #7 in Figure 2), resulting in the shift of the initiation
codon of the longest ORF from exon 1 to exon 2. This shift causes the loss of the N-terminal
39-aa residues. V2 and V5 lacked exon 3, resulting in the 63-aa deletion from the middle part
of the protein. V6 and V7 lacked exon 6 because of the shift of the polyadenylation site,
resulting in the deletion of the C-terminal 114-aa residues. Furthermore, V7 showed the 24-bp
downstream shift of the 5‘ splice site of exon 4 (designated by #8), causing the corresponding
8-aa deletion. It should be noted that the Y79 cell-derived transcripts showed five single
nucleotide polymorphisms (#1, #2, #4, #5, #6) and 2-bp deletion (#3). As a result, the clones
were classified into two haplotypes, and their allelic origin was identified. Half of the clones
(C3, C7, C9, C11, C12, C13, C14) were assigned to one haplotype.
The identified variants were compared with RefSeq in GenBank provided by the National
Center for Biotechnology Information (NCBI), which is a collection of taxonomically
diverse, non-redundant and richly annotated sequences representing naturally occurring
molecules of DNA, RNA, and protein (Pruitt et al., 2009). Three RefSeqs were constructed as
the transcripts of an AIPL1 gene. RefSeq1 and RefSeq2 correspond to V1 and V2,
respectively. Our collection did not contain the clone corresponding to RefSeq3 that is an AS
variant skipping exon 2. In NCBI‘s GenBank, 13 sequences except for our 14 sequences were
registered as AIPL1 mRNA with an ORF. However, these mRNA sequences had no
polyadenylation signal, whereas our clones had a canonical polyadenylation signal,
AATAAA (V1-V6) and AGTAAA (V7) followed by a poly(A) tail. The mRNA sequences
without a polyadenylation signal were terminated before an A-stretch (A15) at position 1386
of RefSeq1 or an A-rich region (A6CA4CA4CA5) at position 2131. These clones seem to have
been synthesized by priming of the oligo(dT) primer to these A-stretch sites during the firststrand cDNA synthesis. Of these 13 mRNAs, five clones correspond to V1, two clones to V2,
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and one clone to V6. The remaining five clones were novel variants, suggesting that there
would be more variants for AIPL1 transcripts to be identified.
AIPL1 has been reported to interact with various proteins including NUB1 (Akey et al.,
2002), FAT10, FAT10nylated protein, UBA6 (Bett et al., 2012), and the catalytic subunit
(alpha) of rod cGMP phosphodiesterase (PDE6A) (Kolandaivelu et al., 2009). AIPL1 is
necessary for the proper assembly of functional rod PDE6 subunits (Kolandaivelu et al.,
2009) that is a key phototransduction enzyme. AIPL1 is composed of three functional
domains: an FKBP-like prolyl peptidyl isomerase (FKBP) domain, a tetratricopeptide (TPR)
domain, and Pro-rich domain (PRD).

Figure 2. The exon-intron structure of alternative splicing variants for AIPL1. Fifteen clones (C1-C15)
were classified into seven variants (V1-V7). The relative position of a transcription start site was
indicated on exon 1. Arrowheads represent the following sequence variations: #1, SNP (A>G); #2, SNP
(A>G); #3, 2-nt deletion (AA>--); #4, SNP (A>G); #5, SNP (A>G); #6, SNP (C>T); #7, downstream
splicing site shift (58 bp); #8, downstream splicing site shift (24 bp). RefSeq1, RefSeq2, and RefSeq3
correspond to GenBank Accession No. NM_014336.3, NM_001033054.1, and NM_001033055.1,
respectively. Our clones correspond to AB593062.1 - AB593067.1.

V3 encodes an isoform lacking the N-terminal 39-aa residues whose function is unclear.
V6 and V7 encode an isoform lacking the C-terminal 114-aa residues corresponding to the
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PRD carrying a chaperone activity (Li et al., 2013). This isoform might lose function as a
chaperone, because the Trp278X mutant lacking the C-terminal 107-aa residues causes LCA
(Sohocki et al., 2000). V2 and V5 encode an isoform lacking the FKBP domain. To elucidate
why these isoforms lacking a functional domain are produced in the cell, it is necessary to
know the role of each isoform in the AIPL1 regulation system by investigating their
localization in the cell or binding activity with other proteins. Although the expression level
of each minor variant is low, the total level of minor variants reaches the same level as main
variants (V1 and V4), suggesting that isoforms encoded by these minor variants play their
own roles in the AIPL1-related system. Since the EST database in GenBank (dbEST) contains
novel variants, we would find more novel variants by analyzing the full-length cDNA
libraries.
3.2.2. LIM Momeobox 3 (LHX3)
The Y79 libraries contained many clones encoding various eye-specific transcription
factors. A transcription factor LHX3 is a member of a large protein family that carries a LIM
domain, a Cys-rich zinc-binding domain, and is required for pituitary development and motor
neuron specification. Two variants encoding human LHX3 (isoform a and isoform b) have
been cloned from pituitary cDNA libraries (Sloop et al., 1999), and they were adopted as
RefSeq for LHX3 genes. The mutation of this gene caused combined pituitary hormone
deficiency (CPDH) (Netchine et al., 2000). There is no report for LHX3 expressed in the eye
except for ESTs obtained from eye and pineal gland libraries in dbEST.
Eight clones for LHX3 were obtained from the Y79 cDNA libraries and four variants
were identified as shown in Figure 3. Five clones designated by V1 encoded a 397-aa isoform
a. V2 using an alternative promoter had a different exon 1 from V1 and encoded a 402-aa
isoform b. As a result, the N-terminal 25-aa sequence of isoform a was different from the Nterminal 30-aa sequence of isoform b. V3 was a novel variant containing an unspliced intron
between exon 2 and exon 3, resulting in shortening of the first ORF followed by a longer
ORF. The upstream short ORF encoded the N-terminal 89-aa sequence of the isoform a and
the downstream long ORF encoded the C-terminal 264-aa sequence of isoform a. V4 using
another promoter had a novel exon 1, and encoded a novel 386-aa isoform whose N-terminal
15-aa sequence was different from those of isoform a and b.
V1 and V2 correspond to RefSeq1 and RefSeq2, respectively. V3 and V4 are novel
variants. In GenBank two mRNA sequences containing ORF were registered except for our
six sequences. These mRNAs correspond to isoform a and isoform b that were cloned from
human pituitary cDNA libraries (Sloop et al., 1999). These two sequences had no
polyadenylation signal maybe due to the use of a random primer in synthesizing cDNA. The
dbEST contained 13 sequences: nine from eye, two from pineal grand, and two from brain.
All sequences lacked a sequence corresponding to exon 1. The cDNA libraries used for
cloning these ESTs were prepared using conventional methods that contained a NotI or XhoI
treatment step. Since the sequence of the full-length cDNA contained NotI and XhoI sites, the
fragmentation of synthesized cDNA might occur. Although dbEST contained many ESTs
isolated from the Y79 full-length cDNA libraries prepared using the oligo-capping method,
there was no EST for LHX3 in spite of an abundant gene. This was explained by the presence
of an SfiI site in the LHX3 gene, because the oligo-capping protocol contained a step using
linkers with the SfiI site (Suzuki and Sugano, 2001).
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Figure 3. The exon-intron structure of alternative splicing variants for LHX3. Eight clones (C1-C8)
were classified into four variants (V1-V4). The relative position of a transcription start site was
indicated on exon 1. RefSeq1 and RefSeq2 correspond to GenBank Accession No. NM_178138.4 and
NM_014564.3, respectively. Our clones correspond to AB593042.1 - AB593055.1.

LHX3 has two LIM domains, a homeodomain, and a C-terminal LHX3-specific domain.
Three isoforms for human LHX3 (isoform a, isoform b, short isoform) have been reported
(Sloop et al., 2001). Isoforms a and b differ in their N-terminal sequence. The N-terminal
sequence of isoform b has been shown to inhibit the binding of LHX3 to DNA. Furthermore,
isoform a produced a 264-aa short isoform starting at Met-134 and thus lacking LIM
domains. This short isoform showed a transcription factor activity owing to the downstream
region including a homeodomain. Interestingly, the longest ORF of the novel variant V3
encoded this short isoform. It is also interesting whether the N-terminal sequence of the novel
isoform encoded by V4 affects the activity of LHX3. In the pituitary gland, the expression
pattern of V1 and V2 differed between cell lines, suggesting that these variants play a
different role in the regulation of gene expression during development of each cell type
(Sloop et al., 2001). The role of these variants in development of the retina remains to be
solved.
3.2.3. Neural Retina-Specific Leucine Zipper Protein (NRL)
NRL is a basic motif-leucine zipper transcription factor that plays an essential role in the
differentiation of photoreceptor cells (Swaroop et al., 1992). The Y79 libraries contained
seven clones encoding NRL, which were classified into five variants as shown in Figure 4.
V1 corresponded to RefSeq1, and V2 had a shortened 3‘-untranslated region (3‘-UTR) due to
the alternative use of a polyadenylation signal. V3, V4, and V5 used an alternative promoter
located between exon 1 and exon 2. Although the 3‘-end splice sites of a new exon 1 of these
three variants were slightly different, these variants had the same ORF in exon 2, which
encoded a 98-aa sequence starting from Met-140 in the isoform encoded by V1. When the
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expression vectors of these variants were introduced into cultured cells, the corresponding 98aa short protein was produced (unpublished data). Since this short isoform lacked a minimal
transactivation domain (Friedman et al., 2004), it showed no transcriptional activity as
expected. The Leu zipper domain has been reported to interact with a CRX homeodomain
(Mitton et al., 2000). The short isoform carrying only the Leu zipper domain may be involved
in the regulation of complex formation through this domain.

Figure 4. The exon-intron structure of alternative splicing variants for NRL. Seven clones (C1-C7) were
classified into four variants (V1-V5). The relative position of a transcription start site was indicated on
the first exon. RefSeq correspond to GenBank Accession No. NM_006177.3. Our clones correspond to
AB593102.1 - AB593104.1.

GenBank contained three mRNAs (one corresponding to V1 and two to V2) except for
the six sequences we registered. The dbEST contained six V4 sequences and one V5.
Although one research group cloned the cDNA corresponding to V4, the authors could not
judge whether it was a full-length or truncated one (Wistow et al., 2002). Like this case, when
only one cDNA different from known ones is cloned, it is difficult to judge its intactness.
Even in such case, our clone can be identified to be a full-length clone by the presence of an
additional dG at the 5‘ end. Since the V1 sequence had SfiI sites, the Y79 cDNA libraries
prepared using the oligo-capping method missed cloning the full-length cDNA for NRL.
3.2.4. OTX2 Antisense RNA 1 (OTX2-AS1)
Our libraries contained many novel non-coding RNAs including rare variants. As an
example of an eye-specific non-coding RNA, we obtained five clones for OTX2-AS1 from the
Y79 libraries. These clones showed a variety of structures as shown in Figure 5. The length of
cDNA varied from 303 bp of V2 to 2900 bp of V3 and the splicing pattern varied from clone
to clone. Only a part of exon 1 was shared within all variants. The sequences in dbEST are
also rich in variety. OTX2-AS1 is a gene transcribed in the opposite direction at the upstream
region of the locus of orthodenticle homeobox 2 (OTX2) that is a transcription factor
involved in the development of brain and sensory organs (Alfano et al., 2005). Our Y79
libraries also contained three clones for OTX2, each of which is an AS variant (data not
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shown). The exon 1 of a variant of mouse Otx2-as1 overlapped with the antisense strand of
the exon 1 of Otx2 (Alfano et al., 2005), but there was no human variant whose exon 1
overlapped to OTX2. Since all ESTs for OTX2-AS1 in dbEST were obtained from retina
cDNA libraries, this gene might be involved in the development of retina. The presence of
diverse AS variants implies the complex regulation system by this gene.

Figure 5. The exon-intron structure of alternative splicing variants for OTX2-AS1. Five clones (C1-C5)
were classified into four variants (V1-V4). The relative position of a transcription start site was
indicated on the first exon. RefSeq correspond to GenBank Accession No. NR_029385.1. Our clones
correspond to AB593038.1 - AB593041.1.

3.3. Characterization of Long-Sized Genes
3.3.1. Very-Long-Sized Genes
We succeeded to clone 82 full-length cDNAs with >7kbp from the libraries prepared
using the vector-capping method (Oshikawa et al., 2008; Oshikawa et al., 2011). The ARPE19 libraries contained full-length cDNA clones encoding golgin B1 (GOLGB1, 11.2kbp),
NEDD4 binding protein 2 (N4BP2, 9.7 kbp), acetyl-CoA carboxylase alpha (ACACA, 9.5
kbp), filamin B, beta (FLNB, 8.0-9.4 kbp), filamin C, gamma (FLNC, 9.2 kbp), spectrin, beta,
non-erythrocytic 1 (SPTBN1, 8.4 kbp), filamin A, alpha (FLNA, 8.2 kbp), collagen, type V,
alpha 1 (COL5A1, 8.1 kbp), spectrin, alpha, non-erythrocytic 1 (SPTAN1, 7.8 kbp),
fibronectin 1 (FN1, 7.8 kbp), myosin, heavy chain 9, non-muscle (MYH9, 7.4 kbp), and agrin
(AGRN, 7.3 kbp). The Y79 libraries contained full-length cDNAs encoding Dmx-like 1
(DMXL1, 12.8 kbp), GOLGB1 (11.1 kbp), SEC16 homolog A (SEC16A, 9.0 kbp), FLNA (8.4
kbp), eyes shut homolog (EYS, 8.0 kbp). Out of these genes, four genes having multiple AS
variants were selected and their structures were analyzed below.
3.3.2. Golgin B1 (GOLGB1)
GOLGB1 is a huge integral membrane protein located in Golgi, originally named giantin
(Linstedt et al., 1993). Two research groups cloned approximately 10-kbp cDNA encoding a
protein that reacts with autoantibody contained in sera of patients with chronic rheumatism:
mRNA1, 10,295-bp cDNA encoding 3,225-aa protein (Sohda et al., 1994); mRNA2, 10,300bp cDNA encoding 3,259-aa protein (Seelig et al., 1994). These clones were not derived from
a single mRNA. The full sequence was constructed by combining the sequences of cDNA
fragments. Thus, it is doubtful whether the sequence reflects the true structure of the AS
variant.
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Our libraries contained two full-length cDNA clones for GOLGB1 (V1 from ARPE-19,
11.2 kbp; V2 from Y79, 11.1 kbp). The exon-intron structures of the above four clones were
different as shown in Figure 6. In GenBank, RefSeqs seem to be constructed by referring to
registered mRNAs including our clones: RefSeq1 to V1; RefSeq2 to mRNA2; RefSeq3 to
mRNA1; RefSeq4 to V2. Although exon 1 was shared within all clones, they were all
different AS variants encoding the protein with the different number of aa residues. In V1 and
mRNA1, the 28-bp downstream shift of the 3‘ splice site of exon 2 (designated by #1 in
Figure 6) caused a frame shift, and thus the initiation codon in exon 3 was used. As a result,
the N-terminal sequence was shortened by 39 aa compared with the isoform for V1.
Furthermore, V2 lacked a 41-aa sequence corresponding to exon 7 by exon skipping. mRNA2
lacked a 5-aa sequence by the 15-bp downstream shift of the 5‘ splice site of exon 7 (#2). V1
had 5-aa insertion by the 15-bp downstream shift of the 3‘ splice site of exon 18 (#3). The
dbEST contained ESTs carrying not only these four variations but also other variations
including the shift of splice site or skipping of exon 4, 6, 10, 11, 12, 15-21, suggesting the
presence of diverse AS variants of GOLGB1.

Figure 6. The exon-intron structure of alternative splicing variants for GOLGB1. C1 was cloned from
the ARPE-19 cDNA library and C2 from the Y79 cDNA library. The relative position of a transcription
start site was indicated on exon 1. Arrowheads represent the following sequence variations: #1, the
downstream shift of the 3‘ splice site (28 bp); #2, the downstream shift of the 5‘ splice site (15bp); #3,
the downstream shift of the 5‘ splice site (15 bp). mRNA1 and mRNA2 correspond to GenBank
Accession No. D25542.1 and X75304.1, respectively. Our clones correspond to AB371588.1 and
AB593126.1.

GOLGB1 is an integral membrane protein involved in linkage between a Golgi
membrane and a COPI vesicle (Sönnichsen et al., 1998). This protein has no N-terminal
secretory signal sequence, but has a C-terminal transmembrane domain. Most of the
cytoplasmic part is composed of a coiled-coil structure in which the AS variants had deletion
or insertion. This structure is thought to be involved in regulation of retrograde trafficking to
the endoplasmic reticulum in Golgi apparatus through binding of small GTPase such as Rab6
and Rab1 (Rosing et al., 2007). Thus, each AS variant may play a role in the regulation of this
trafficking. To elucidate the detailed mechanism, further investigation is necessary using
these AS variants.
3.3.3. Filamin A, Alpha (FLNA)
FLNA was most abundantly found in our libraries as a long-sized gene with >7kbp.
FLNA is an actin-binding protein involved in change in cell shape and migration through
crosslinking of actin filaments and linking actin filaments to membrane glycoproteins. ARPE-
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19 and Y79 libraries contained eight clones (7.3 – 8.2 kbp) and one clone (8.4 kbp),
respectively. These clones were classified into four variants as shown in Figure 7. V1 and V2
were main components in ARPE-19 cells. V2 lacked exon 30, resulting in deletion of an 8-aa
sequence. V3 lacked exon 38-41 because of AS between the middle splice site in exon 37 and
the middle splice site in exon 42. Y79-originated V4 started from a 135-bp upstream TSS
compared with V1, resulting in the generation of a novel initiation codon that caused 27-aa
extension of the N-terminal sequence.

Figure 7. The exon-intron structure of alternative splicing variants for FLNA. Eight clones obtained
from ARPE-19 were classified into three variants (V1-V3). V4 was obtained from Y79. The relative
position of a transcription start site was indicated on the first exon. ―No.‖ represents the number of
obtained clones. Arrowheads represent the following sequence variations: #1, the 96-bp upstream shift
of the 3‘ splice site of exon 37; #2, the 72-bp downstream shift of the 5‘ splicing site of exon 42.
RefSeq1 and RefSeq2 correspond to GenBank Accession No. NM_001456.3 and NM_001110556.1,
respectively. Our clones correspond to AB191259.1 - AB191260.1, AB371574.1- AB371579.1 and
AB593010.1.

GenBank contained 3 mRNAs with a full ORF except for the nine clones we registered.
The sequence of mRNA1 (X53416) was constructed by combining seven fragments cloned
from a human endothelial cell (Gorlin et al., 1990). mRNA2 (AK090427) originated from a
single mRNA and had the same initiation codon as V4, but lacked exon 30. Although this
clone seems to be near full-length cDNA, the registrant regarded it as a truncated clone
maybe because of no evidence for intactness of the 5‘ end of the cDNA. mRNA3
(GU727643) was synthesized with RT-PCR based on RefSeq. RefSeq1 corresponding to
mRNA1 has exon 1, which uses an upstream alternative promoter. Its ORF starts from the
same initiation codon with V4. Our nine clones had no exon 1. There were 14 sequences
having exon 1 in dbEST. RefSeq2 was constructed based on our clone V1 except for exon 1.
The dbEST contained a sequence (CN421698) that has the same deletion as V3.
FLNA has a rod-like structure composed of 24 repeats of the beta-pleated sheet unit: an
actin-filament binding domain (Rod1, repeats 1-15), a partner protein binding domain (Rod2,
repeats 16-23), a self-assembly domain (repeat 24), and a hinge linking the domains (Hinge-1
and Hinge-2) (Nakamura et al. 2011). V2 lacked the 8-aa residues that were located in the last
repeat 15 of Rod1. V3 lacked the 114-aa sequence that was the part of repeats 18 and 19 of
Rod2. Since these repeats are known to bind to several partner proteins, these isoforms may
lose a function borne by the corresponding repeat.
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3.3.4. Filamin B, Beta (FLNB)
FLNB and FLNC as well as FLNA are a member of a filamin family. The ARPE-19
libraries contained four FLNB clones (8-9 kbp) and one FLNC clone (9156 bp). The FLNC
clone corresponded to RefSeq (data not shown). All clones for FLNB were different AS
variants as shown in Figure 8. Four RefSeqs are constructed based on our four clones. They
had a similar TSS. V4 had a total of 47 exons and the other three variants lacked exon 26 (93
bp, 31 aa). V2 lacked 11-aa residues due to the 33-bp upstream shift of 3‘ splice site of exon
31 (designated by #1 in Figure 8). V1 and V4 had a shorter exon 47 due to the use of an
alternative polyadenylation signal. GenBank contained two mRNA sequences except for our
clones. These two sequences corresponding to V1 were constructed by combining the
sequences of cDNA fragments (Takafuta et al., 1998; Xu et al., 1998). Xu et al. (Xu et al.,
1998) have reported near full-length cDNA clone (9.5 kb) for V3 derived from a single
mRNA. The dbEST contained four clones possessing a shortened exon 31 found in V2 and
two clones possessing exon 26 found in V4.

Figure 8. The exon-intron structure of alternative splicing variants for FLNB. Four clones were all
different variants. Four RefSeqs are constructed based on our four clones as shown in parenthesis. The
relative position of a transcription start site was indicated on the first exon. Arrowhead #1 represents the
33-bp upstream shift of the 3‘ splice site of exon 31. Our clones correspond to AB191258.1 and
AB371580.1- AB371582.1.

FLNB has a domain structure similar to FLNA. V4 encoded an isoform possessing 31-aa
insertion in the middle part of repeat 31 due to the insertion of exon 26. The isoform encoded
by V3 lacked Hinge-1 of 24-aa residues corresponding to exon 31. V2 encoded an isoform
lacking the 11-aa C-terminal half of Hinge-1. The deletion of these aa sequences might affect
the function of each isoform through the change of binding ability to the partner proteins as
well as FLNA. For example, van der Flier et al. showed that an FLNB fragment lacking a part
of repeat 19-20 or C-terminal repeat 24 obtained using RT-PCR had a different binding
ability to integrin beta subunit (van der Flier, 2002). Furthermore, they showed that the
expression pattern of these variants varied from tissue to tissue and during myogenesis. We
have to keep in mind that this kind of experiment using RT-PCR shows the expression level
of only a partial sequence of transcript and the expression pattern does not reflect the change
of the full-length transcript.
3.3.5. Eyes Shut Homolog (EYS)
EYS is an extracellular matrix specifically produced in photoreceptor cells (Abd El-Aziz,
2008; Collin et al., 2008). Recently, we showed that one-third of Japanese patients with
retinitis pigmentosa had founder mutations in the EYS gene. RefSeq1 for the EYS gene
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comprises 43 exons as shown in Figure 9 and the length of mRNA is 11 kb. In GenBank,
there are two short RefSeqs terminating by exon 11. RefSeq2 has a long 3‘-UTR. RefSeq3
uses an alternative promoter located between exon 2 and exon 3, resulting in the formation of
a new exon 1. The Y79 libraries contained two clones only for short variants. Although V1
was a very-long-sized clone with an insert of 7,898 bp, it terminated by exon 11 containing a
long 3‘-UTR and encoded the N-terminal 594-aa sequence as well as RefSeq2. The exon 11
of RefSeq2 was split due to splicing. V2 terminated by exon 4 and encoded a short isoform of
318 aa. The EYS protein comprises 27 EGF-like domains and 5 laminin G-like domains.
Thus, the isoform encoded by V1 terminated at the middle of the sixth EGF-like domain, and
the isoform for V2 at the middle of the third EGF-like domain. The function of these short
forms of the EYS protein remains to be solved.

Figure 9. The exon-intron structure of alternative splicing variants for EYS. Two variants were cloned
from the Y79 cDNA library. The relative position of a transcription start site was indicated on the first
exon. RefSeq1, RefSeq2 and RefSeq3 correspond to GenBank Accession No. NM_001142800.1,
NM_001142800.2, and NM_198283.1, respectively. Our clones correspond to AB593114.1 and
AB593112.1.

4. Full-Length cDNA Libraries Derived
from Other Species
The power of the vector-capping method was first demonstrated by the transcriptome
analysis of budding yeast. Miura et al. performed a large-scale analysis of full-length cDNA
libraries prepared from budding yeast cells growing exponentially in a minimal medium and
meiotic cells (Miura et al., 2006). They identified 11,575 TSSs associated with 3,638 genes,
suggesting that most yeast genes have two or more TSSs. They also identified 45 previously
undescribed introns, including those spliced alternatively. Furthermore, they found 667
transcripts in the intergenic region and 367 transcripts derived from antisense strands of
known genes. These results suggest that many genes remain unidentified even in an
intensively analyzed simple organism such as budding yeast.
Since the vector-capping method was published in 2005 (Kato et al., 2005), it has been
adopted by various research projects to construct cDNA libraries from various tissues of
various species: plants such as burma mangrove (Miyama et al., 2006), miniature tomato
(Aoki et al., 2010), Chinese cabbage (Abe et al., 2011), rubber tree (Suzuki et al., 2012);
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mammals such as macaque monkey (Osada et al., 2009), pig (Uenishi et al., 2012), common
marmoset (Tatsumoto et al., 2013); parasites such as Haemaphysalis (Zhou et al., 2006),
Echinococcus (Watanabe et al., 2007), Babesia (Aboge et al., 2008); hagfish (Uchida et al.,
2010); Bombyx mori nucleopolyhedrovirus (Katsuma et al., 2011). In many cases, it seems to
have been difficult to obtain a large amount of starting material. The vector-capping method
requires only several micrograms of total RNA. This seems to be one reason why this method
was adopted to prepare the libraries from the above samples. The cloning ability of a longsized cDNA was confirmed by the cloning of very-long-sized genes (9.1kb and 9.8kb) that
encode egg case silk from a wasp spider (Zhao et al., 2006).

5. Problems on Identification of AS Variants
5.1. AS Variants of Rare or Long-Sized Genes
In the above sections, I have described some problems in identifying AS variants using
the conventional methods. A serious problem occurred in the case of a long-sized gene. The
combination of alternative promoter usage, multiple alternative splicing sites, and alternative
polyadenylation can produce diverse forms of transcripts. The partial sequence analyses using
RT-PCR or RNA-seq do not disclose this combination. To determine the precise structure of
the AS variant, it is necessary to determine the full sequence of a single mRNA. One solution
for this requirement is to determine the full sequence of a full-length cDNA derived from a
single mRNA.
Another problem is related to the intactness of the full-length cDNA. In the case of an
abundant gene, many cDNA clones can be obtained. If these cDNAs are shown to start at the
similar site by comparing their 5‘-end sequences, we could regard them as a full-length or
near full-length cDNA having a capped site sequence. However, a rare gene may give only
one cDNA clone, thus we cannot judge the intactness of this cDNA. The same problem
occurs in the case of very short or very long genes. It may be difficult to judge whether the
cDNA are derived from intact mRNA or degraded mRNA. The vector-capping method solves
these problems. We can judge the intactness of the cDNA by inspecting the presence of the
additional dG at the 5‘ end of the cDNA.

5.2. Synthesis of Full-Length cDNA
It has been difficult to obtain a full-length cDNA for a rare or long-sized gene using
conventional methods. Here, the problems are shown with regard to each step of cDNA
synthesis.
(1) Oligo(dT) Priming
The conventional methods usually use an oligo(dT) primer of ~20 nt to synthesize the
first-strand cDNA. When mRNA has a short A stretch, the oligo(dT) primer can accidentally
hybridize to this site and be used for cDNA synthesis, resulting in missing the downstream
part of mRNA to a poly(A) tail. A good example is an AIPL1 gene shown in section 3.2.1.
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We observed several other examples of such mispriming (data not shown). The vectorcapping method uses a vector primer possessing approximately 60-nt dT at one end of the
vector. The long dT tail may rarely prime a short A stretch in mRNA.
(2) Reaction Conditions
According to our experience, the amount of template mRNA, reverse transcriptase and
substrate nucleotides seem to be essential factors that are related to biases by the expression
level or size of mRNA. Usually the first-strand cDNA synthesis is carried out using several
micrograms of poly(A)+RNA. In these reaction conditions, most reverse transcriptase and
substrate nucleotides seem to be consumed to synthesize cDNA mainly from abundant or
short-sized mRNAs, causing biases by the expression-level and size of mRNA. In the vector–
capping method, total RNA is used as a template in place of poly(A)+RNA to synthesize the
first-strand cDNA under the same reaction conditions. Thus, the amount of enzyme and
substrate might be enough to synthesize cDNA from rare or long-sized mRNAs. Omitting
mRNA purification steps also may help to reduce these biases.
(3) PCR Step
Some conventional methods including the oligo-capping method contain a PCR step in
the procedure for preparing the cDNA library. The amplification step by PCR may cause bias
by the expression level and the size of mRNA. In fact, when the full-length cDNA libraries
prepared from monkey liver and kidney by the oligo-capping method were compared with
those prepared by the vector-capping method, the redundancy of the vector-capped libraries is
lower than those of the oligo-capped libraries (Osada et al., 2009). To synthesize rare or longsized cDNAs, the PCR step should be avoided.
(4) Restriction Enzyme Treatment
The conventional methods contain a linker attachment step, in which a oligonucleotide
linker with a restriction enzyme site (e.g. NotI, EcoRI, SalI, XhoI, SfiI et al.) are ligated to the
double-stranded cDNA and then after cutting by restriction enzyme the cDNA are introduced
into a vector. If the cDNA has the same restriction enzyme site as the linker, it is difficult to
obtain full-length cDNA or any cDNA in some cases. The examples are shown in the above
sections on LHX3 and NRL. Many clones registered in dbEST seem to be a truncated cDNA
that was generated due to this step.
(5) Size Fractionation
Some protocol contains a size fractionation step to remove short cDNA fragments. This
step should be avoided because there are many short transcripts having a poly(A) tail. We
observed such short full-length cDNAs with < 100 bp (data not shown).

5.3. Vector-Capping Method
The vector-capping method solves all the above problems. Thus, this will be the most
effective method to synthesize genuine full-length cDNAs at present. However, this has one
limitation. It is difficult to obtain full-length cDNA clones from a low-quality RNA sample
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containing highly degraded mRNA, because this protocol does not contain a step for
experimentally selecting full-length cDNAs, such as a cap-dependent linker ligation in the
oligo-capping method. In addition, it requires a lot of labor and cost to search novel AS
variants from the vector-capped libraries. This is the case particularly when the target cell
expresses genes with low complexity. In that case, we should use a subtraction or
normalization protocol together. If the target gene has been decided, we may isolate in
advance target cDNA using a probe for the target gene.

Conclusion
Here I have demonstrated that the vector-capping method provides us with a high-quality
cDNA library composed of genuine full-length cDNA clones derived from a single mRNA
and that the obtained clones can be used to effectively identify AS variants. This library
contains many full-length cDNA clones for rare or long-sized genes whose intactness is
guaranteed. By analyzing these clones, we can identify novel AS variants for rare or longsized genes that have been difficult to obtain using conventional methods. These results
suggest that comprehensive, in-depth analysis of full-length cDNA clones isolated from the
vector-capped libraries is the most effective way to identify an entire set of AS variants.
Furthermore, these full-length cDNA clones can be used as a resource for producing the
encoded proteins. I hope that the vector-capping method will be widely used for analyzing
full-length AS variants derived from various tissues of various species.
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