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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 long-
sized transcripts. Recently, we have developed a powerful method. named a vector-
capping 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
c¢DNA 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 full-
length 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 hwman 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
vanants including very-long-sized transcripts with >7kbp that were identified by us for
the first time.

i. Introduction

The Human Genome Project revealed that the human genome seems to encode only
20,000~25,000 protein-coding genes (International Huinan Genome Sequencing Consortium,

* Correspondence to: Seishi Kato, Research Institute, National Rehabilitation Center for Persons with Disabilities,
4-1 Namiki, Tokorozawa, Saitama 359-8555. Japan. E-mail: kato-seishi@rehab.go.jp.
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2004). The analysis, including the evolutional conservation, further cut the munber of protein-
coding 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 high-
throughput sequencing technology such as mRNA-seq was applied to in-depth scquencing
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. cach 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. cap-
analysis of gene expression (CAGE), and paired-end diTag (PET) to determine exonic
regions, transcription stat sites (TSSs). splice junctions, ftranscript 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 comelation 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 comesponding full-length complementary DNA (cDNA). Large-
scale sequencing analyses of full-length ¢cDNA clones were carried out using full-length
c¢DNA libraries synthesized with the oligo-capping method (Takeda et al.. 2006 Wakamaisu
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 forn 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 io 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.
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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 first-
sirand 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 ¢DNA 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 intaciness of the 5’-end capped site sequence of the
cDNA.

The full-length ¢DNA library construcied using the vector-capping method has the
following advantages compared with those by conventional methods:

(i) the library is composed of gepuine 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 siep,

(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 vector-
capping method (Kato et al., 2005: Oshikawa et al.. 2008; Oshikawa et al.. 20t1). 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; buman testis, 76,800 clones. If researchers are interested in
particular genes. they may find new AS varianis 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/e’NRCDhumen litml).

3.2. Characterization of Eye-Specific Genes

3.2.1. Aryl Hydrocarbon Receptor Interacting Protein-Like 1 (AIPL1)

Since retinoblastoina 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 AIPLI. 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 isoforin (V3, 2 clones); 321-aa isoform (V2
and V5. 2 clones), 270-aa isoform (V6. | clone); 262-3a isoform (V7. 1 clone). The
difference between VI and V4 and the difference between V2 and VS5 were due to the
alternative use of the polyadenylation signal. V3 showed the 58-bp downstream shift of the 3’
splice site of exon | (designated by #7 in Figure 2), resulting in the shift of the initiation
codon of the fongest ORF from exon | 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 GenBauk 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 AJPL/ gene. RefSeql and RefSeq2 correspond to VI 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 A/PL! 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-siretch (A,s) at position 1386
of RefSeql or an A-rich region (AsCA4sCA4CA;) at position 2131. These clones seem to have
been synthesized by priming of the oligo(dT) primer to these A-stretch sites during the first-
strand 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 AJPL] transcripts to be identified.

AIPL} has been reported to interact with various proteins including NUBI (Akey et al.,
2002), FATI0, FAT10nylated protein, UBA6 (Bett et al.. 2012), and the catalytic subumit
{alpha) of rod ¢cGMP phosphodiesterase (PDEGA) (Kolandaivelu et al.. 2009). AIPL1 is
necessary for the proper assembly of functional rod PDE6 subumnits (Kolandaivelu et al.,
2009) that is a key phototransduction enzyme. AIPL] is composed of three functional
domains: an FKBP-like prolyl peptidy! isomerase (FKBP) domain, a tetratricopeptide (TPR)
domain. and Pro-rich domain (PRD).
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Figure 2. The exon-intron structure of alternative splicing variants for A/PL!. Fifteen clones (C1-C15)
were classified into seven variants (V1-V7). The relative position of a transcription stari 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). RefSeql, RefSeq2, and RefSeq3
comrespond to GenBank Accession No. NM_014336.3, NM_001033054.1, and NM_001033035.1,
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 isofonn lacking the C-terminal 114-aa residues comresponding to the
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PRD carrying a chaperone activity (Li et al.. 2013). This isoformn 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 AIPL] 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 rojes 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 Homeobox 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 isoforn
a. V2 using an alternative promoter had a different exon 1 from V1 and encoded a 402-aa
isoform b. As a resuit, the N-terminal 25-aa sequence of isoform a was different from the N-
terminal 30-aa sequence of isoforin 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-tenminal 264-aa sequence of isofonn a. V4 using
another promoter had a novel exon 1, and encoded a novel 386-aa isoform whose N-ierminal
15-aa sequence was different from those of isofonn a and b.

V1 and V2 correspond to RefSeql 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 Notl or Xhol
treatment step. Since the sequence of the full-length cDNA contained Noti and Xhol 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 Sfil site in the LHX3 gene, because the oligo-capping protocol contained a step using
linkers with the Sfil 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 ranscription start site was
indicated on exon 1. RefSeql and RefSeq2 comespond to GenBank Accession No. NM_178138.4 and
NM_014564.3, respectively. Our clones correspond to AB523042.1 - ABS93055.1.

LHX3 has iwo LIM domains, a homeodomain, and a C-tenminal LHX3-specific domain.
Three isoforms for human LHX3 (isofonmn a, isoform b, short isoform) have been reported
(Sloop et al.. 2001). Isoforms a and b differ in their N-terininal 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 downsiream
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 VI and V2 differed between cell lines, suggesting that these varianis play 2
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 photorecepior cells (Swarcop et al., 1992). The Y79 libraries contained
seven clones encoding NRL, which were classified into five variants as shown in Figure 4.
V1 comresponded to RefSeql. and V2 had a shortened 3’-untranslated region (3'-UTR) due 1o
the alternative use of a polyadenylation signal. V3, V4, and V5 used an alternative promoter
located between exon | 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 V1i. When the
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