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expression vectors of these variants were introduced into cultured cells. the corresponding 98-
aa short protein was produced (unpublished data).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 1o 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.
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Figure 4. The exon-intron structure of alternative splicing variants for NRL. Seven clones (C1-C7) were
classified into four variants (V1-V35). 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
ABS93102.1 - 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 Sfil 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 OTX2-45! from the
Y79 libraries. These clones showed a variety of structures as shown in Figure 5. The length of
c¢DNA 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 | was shared within all variants. The sequences in dbEST are
also rich in variety. OTX2-4S/ 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 Om2-as/ overlapped with the antisense sirand of
the exon 1 of Oix2 (Alfano et al., 2005), but there was no human variant whose exon 1
overlapped to OTX2. Since all ESTs for OTX2-4S] 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.
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Figure 5. The exon-intron structure of alternative splicing variants for OTX2-4S/. 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 ARPE-
19 libraries contained full-length ¢cDNA clones encoding golgin Bl (GOLGBI, 11.2kbp),
NEDD4 binding protein 2 (N4BP2. 9.7 kbp), acetyl-CoA carboxylase alpha (4CACA. 9.5
kbp), filamin B, beta (FLNB. 8.0-9.4 kbp). filamin C. gamma (FLNC, 9.2 kbp). spectrin, beta.
non-erythrocytic 1 (SPTBNI, 8.4 kbp), filamin A, alpha (FLNA, 8.2 kbp), collagen, type V,
alpha 1 (COLS5AI, 8.1 kbp), spectrin, alpha, non-erythrocytic 1 (SPTANI. 7.8 kbp),
fibronectin 1 (FNI, 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), GOLGBI1 (11.1 kbp). SEC16 homolog A (SECI64. 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)

GOLGBI is a huge integral membrane protein located in Golgi. originally named giantin
(Linstedi 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 rheumnatism:
mRNA1, 10,295-bp ¢cDNA encoding 3,225-aa protein (Sohda et al., 1994): mRNAZ2, 10,300-
bp 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 GOLGB! (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: RefSeql to V1: RefSeq2 to mRNAZ2: RefSeq3 to
mRNAL; RefSeqd 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
mRNALI, 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-tenmninal sequence was shortened by 39 aa compared with the isoform for VI.
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 camrying 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 varniants of GOLGBI.
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Figure 6. The exon-intron structure of aliernative splicing variants for GOLGB{. 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 shifi of the 5’ splice site (15bp); #3,
the downstream shift of the 5’ splice site (15 bp). mRNA] and mRNAZ correspond to GenBank
Accession No. D25542.1 and X75304.1. respectively. Our clones cormrespond to AB371588.1 and
ABS593126.1.

GOLGBI1 is an integral membrane protein involved in linkage between a Golgi
membrane and a COPI vesicle (Sonnichsen et al., 1998). This protein has no N-tenninal
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 Rabl (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 vanants.

3.3.3. Filamin A, Alpha (FLNA)

FLNA4 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 cight 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 middie 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.
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Figure 7. The exon-intron struenwe of altemative 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 ranscription start site was indicated on the first exon. “No.” represents the number of
obtained clones, Arrowheads represent the following sequence vanations: #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.
RefSeql and RefSeqZ correspond to GenBank Accession No. NM_001456.3 and NM_001110556.1,
respectively. Our clones comrespond to AB191259.1 - AB191260.1. AB371574.1- AB371579.1 and
ABS593010.1.

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 fragmenis 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 secms to be near full-length ¢DNA. the registrant regarded it as a truncated clone
maybe because of no evidence for intacmess of the 5’ end of the cDNA. mRNA3
(GU727643) was synthesized with RT-PCR based on RefSeq. RefSeq! comesponding to
mRNA1 has exon 1. which uses an upsiream aliernative 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 construcied 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 (Rodl, 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 Rodl. 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 partmer proteins, these isoforms may
lose a function bome by the comresponding repeat.
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3.3.4. Filamin B, Beta (FINB)

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 cormresponded to RefSeq (data nmot 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-lengih 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.
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Figure 8. The exon-intron structure of altemnative splicing variants for FLNE. 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 stast site was indicated on the first exon. Arrowhead #1 represeats the
33-bp upstreamn 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 isoforin 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 ¢t 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). Furthenmore, 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. RefSeql 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 aliernative promoter located between exon 2 and exon 3, resuliing 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 EY'S protein remains to be solved.
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Figure 9. The exon-intron structure of altemnative splicing variants for £YS. Two variants were cloned
from the Y79 cDNA library. The relative position of a transcription start site was indicated on the first
exon. RefSeql, RefSeq2 and RefSeq3 correspond to GenBank Accession No. NM_001142800.1,
NM_001142800.2. and NM_198283.1, respectively. Our clones comespond to AB393114.1 and
ABS593112.1.

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 im 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 burna 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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marmals 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 long-
sized 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 occuired in the case of a long-sized gene. The
combination of alternative promoter usage, multiple alternative splicing sites, and alternative
polyadenylation can produce diverse forns 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
¢DNA 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 AIPL/ gene shown in section 3.2.1.
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We observed several other examples of such mispriming (data not shown). The vector-
capping 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 1o 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 ¢DNA under the same reaction conditions. Thus, the amount of enzyme and
substrate might be enough to synthesize cDNA from rare or long-sized mRNAs. Omiiting
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 long-
sized 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. Notl, EcoRI. Sall, Xhol, Sfil et al.) are ligated to the
double-stranded ¢cDNA and then afier 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 truncaied cDNA
that was generated due to this step.

(5) Size Fractionation

Some protocol contains a size fractionation step to remove short cDNA fragmenis. This
step should be avoided because there are many short transcripis 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 1 have demonsirated 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 intaciness is
guaranteed. By analyzing these clones. we can identify novel AS variants for rare or long-
sized 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 vecior-capping method will be widely used for analyzing
full-length AS variants derived from various tissues of various species.
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Derivation of human differential photoreceptor cells from
adult human dermal fibroblasts by defined combinations of
CRX, RAX, OTX2 and NEUROD
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Redirecting differentiation of somatic cells by over-expression of transcription factors is a
promising approach for regenerative medicine, elucidation of pathogenesis and development
of new therapies. We have previously defined a transcription factor combination, that is, CRX,
RAX and NEUROD, that can generate photosensitive photoreceptor cells from human iris
cells. Here, we show that human dermal fibroblasts are differentiated to photoreceptor cells by
the same transcription factor combination as human iris cells. Transduction of a combination
of the CRX, RAX and NEUROD genes up-regulated expression of the photoreceptor-specific
genes, recoverin, blue opsin and PDE6C, in all three strains of human dermal fibroblasts that
were tested. Additional OTX2 gene transduction increased up-regulation of the photorecep-
tor-specific genes blue opsin, recoverin, S-antigen, CNGB3 and PDE6C. Global gene expres-
sion data by microarray analysis further showed that photoreceptor-related functional genes
were significantly increased in induced photoreceptor cells. Functional analysis, that is, patch-
clamp recordings, clearly revealed that induced photoreceptor cells from fibroblasts responded
to light. Both the NRL gene and the NR2E3 gene were endogenously up-regulated in induced
photoreceptor cells, implying that exogenous CRX, RAX, OTX2 and NEUROD, but not NRL,
are sufficient to generate rod photoreceptor cells.

Introduction

Redirecting differentiation of somatic cells by over-
expression of transcription factors is a promising
approach for regenerative medicine, elucidation of
pathogenesis and development of new therapies. The
process is called ‘direct reprogramming’ or ‘direct con-
version” and has been shown in B cells, cardiomyo-
cytes, neurons, platelets and photoreceptors. A specific
combination of three transcription factors (Ngn3,
Pdx1 and MafA) reprogram differentiated pancreatic
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exocrine cells in adult mice into cells that closely
resemble beta cells (Zhou et al. 2008) and a combina-
tion of three factors (Gata4, Tbx5 and Baf60c) induce
noncardiac mesoderm to differentiate directly into
contractile cardiomyocytes (Takeuchi & Bruneau
2009). We recently employed the strategy of ‘direct
reprogramming’ to generate retinal photoreceptor cells
from human somatic cells, defining a combination of
transcription factors, CRX, RAX and NEUROD, that
induce light responsive photoreceptor cells (Seko et al.
2012). In that study, we induced ‘iris cells’ into photo-
receptor cells. During vertebrate eye development, the
inner layer of the optic cup differentiates into the
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neural retina and iris-pigmented epithelium (IPE).
Therefore, the common developmental origin of the
iris and the retina may make photoreceptor-induction
from iris cells easier than from other types of somatic
cells.

The induced pluripotent stem cells (iPS) developed
by Takahashi and Yamanaka were the first model for
‘direct reprogramming’, in which mouse adult fibro-
blasts were reprogrammed by transduction of four
transcription factor genes, Oct3/4, Sox2, c-Myc and
Kif4 (Takahashi & Yamanaka 2006). Additionally,
functional neurons were generated from mouse fibro-
blasts by a combination of three factors (Ascll, Brn2
and Mytl 1) (Vierbuchen ef al. 2010), and functional
platelets were generated from mouse and human
fibroblasts by a combination of three factors (p45NF-
E2, MafG and MafK) (Ono er al. 2012). Because
human dermal fibroblasts are less specialized than iris
cells, we tested whether human dermal fibroblasts
could be converted into photoreceptors by the same
defined combination of genes used successfully for
human iris cells, CRX, RAX and NEUROD, to gen-
eralize and establish our technology for ‘generating
photoreceptors’.

In this study, we also investigated an effect of
additional transcription factor, OTX2, on transdiffer-
entiation of somatic cells into retinal cells. Ow2 is
essential for the cell fate determination of retinal pho-
toreceptor cells (Nishida et al. 2003), and conditional
disruption of the Otx2 gene decreases photoreceptor-
associated genes (Omori ef al. 2011).

Here, we show that the same combination of
genes used for human iris cells, that is, CRX, RAX
and NEUROD, generate human photoreceptor cells
from human dermal fibroblasts, and that additional
OTX2 gene transduction further amplifies the
expression of retina-specific genes. Our data therefore
indicate that human dermal fibroblasts are a superior
cell source for reprogramming into photoreceptor
cells.

Results

Human dermal fibroblasts are induced into a
rod- or cone-specific phenotype by defined
transcription factors

We selected seven genes, POUIF1, SOX2, PAXS6,
RAX, CRX, OTX2 and NEUROD, as candidate
factors that may contribute to induce photoreceptor-
specific phenotypes in human dermal fibroblasts, on
the basis that such factors play a role in the develop-
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ment of photoreceptors. CRX, RAX and NEUROD
are essential factors that induce photoreceptor cells
from human iris cells (Seko er al. 2012) and POUISfI,
Sox2 and Otx2 bind to the Rx promoter (Martinez-
de Luna ef al. 2010). Human dermal fibroblasts were
infected with these genes and were examined for
inducible expression of photoreceptor-specific genes.
RT-PCR results showed that transduction of CRX,
RAX and NEUROD (CRN) genes up-regulated the
expression of the photoreceptor-specific genes rec-
overin, blue opsin and PDEGC, in all strains of fibro-
blasts tested (Fig. 1, panel A, B, C). Additionally,
CRN-infected  fibroblasts  became  positive  for
rhodopsin and blue opsin by immunohistochemistry
(Fig. 1D). These results suggest that photoreceptor-
specific phenotypes are induced by the same combi-
nation of transcription factors in human dermal
fibroblasts as in human irs cells. However, it
appeared that the combination of CRX, RAX, NEU-
ROD and OTX2 (CRNO) up-regulated the photo-
receptor-specific blue opsin gene more strongly than
the combination of CRIN.

Additional OTX2 gene transduction increases
up-regulation levels of photoreceptor-specific
genes

Expression levels of opsin- and phototransduction-
related genes in induced- and noninduced fibroblasts
were quantitated. Expression levels of S-antigen and
recoverin, which are specifically expressed in rod
photoreceptors, were much higher in CRNO-
infected cells than in CRN-infected cells (S-antigen,
P < 0.01, recoverin, P < 0.05; Welch’s -test, Fig. 2).
In contrast, expression levels of rhodopsin, blue
opsin, green opsin, recoverin, S-antigen, CNGB3
and PDE6C were not increased by additional PAXé
gene infection (CRINP vs. CRN, in Fig. 2).

OTX2 is not an essential factor but an amplifier
for induction of photoreceptor cells from human
dermal fibroblasts

To investigate whether OTXZ2 could be used as an
alternative to the essential three genes, that is, CRX,
RAX and NEUROD, we tested the effect of with-
drawal of each individual factor from the four genes,
that is, CRX, RAX, NEUROD and OTX2, on
expression levels of the opsin- and phototransduction-
related genes in induced photoreceptor cells (Fig. 3).
Removal of either CRX, RAX or NEUROD resulted
in a marked decrease in blue opsin, S-antigen, PDE6C

© 2014 The Authors

Genes to Cells © 2014 by the Molecular Biology Society of Japan and Wiley Publishing Asia Pty Ltd

94



Deriving photoreceptors from fibroblasts

&‘0\ &
& O 2
(A) @\e & é‘@ é\e
B 10 Lot & &
FENS S speo: ©) 0. O &£
NESF 2 3

Recoverin

SOX2 & POULF1 & PAX6 & OTX2

! SPO: .
Blue opsin m SOX2 & POU1F1 & OTX2 Recoverin
poEscE CRN: Blue opsin f = -
G3PDH[ ™= "8 (RX & RAX & NEUROD PDEGcE T F
> G3PDH
é}(‘
(B) (D)
Recoverin ERERC BT CRNO:
Blue opsin [ Ty CRX & RAX & NEUROD & OTX2
PDE6c . .
G3PDH | o

Figure 1 Induction of retina-specific genes in human dermal fibroblasts by the retroviral infection of genes for defined transcrip-
tion factors. (A) RT-PCR analysis for photoreceptor-specific genes in cultured human dermal fibroblasts (NHDF) obtained from
Lonza after gene transfer of several kinds of transcription factors. Recoverin, blue opsin and PDE6c genes were up-regulated by
CRN transduction. ‘Negative control’: amplified water as a negative control. ‘GFP’: cultured fibroblasts after retroviral gene trans-
fer of the GFP gene as another negative control. ‘w/0’: cultured fibroblasts without gene transfer as the other negative control.
‘SPPO’: SOX2, POUI1F1, PAX6 and OTX2. ‘SPO’: SOX2, POU1F1 and OTX2. ‘CRN’: CRX, RAX and NEUROD. ‘Human
retina’: human retinal tissue as a positive control. The amount of cDNA as a template was a half in the positive control. (B) RT-
PCR analysis for photoreceptor-specific genes in cultured human dermal fibroblasts (NHDF) obtained from Promo Cell after gene
transfer of several transcription factors. Recoverin, blue opsin and PDE6c¢ genes were up-regulated by CRN or CRNO transduc-
tion. ‘w/0’: cultured fibroblasts without gene transfer as a negative control. ‘GFP’: cultured fibroblasts after retroviral gene transfer
of the GFP gene as another negative control. ‘CRNO’: CRX, RAX, NEUROD and OTX2. (C) RT-PCR analysis for photore-
ceptor-specific genes in cultured human dermal fibroblasts (HDF-a) obtained from ScienCell after gene transfer of several transcrip-
tion factors. Recoverin, blue opsin and PDE6C genes were up-regulated by CRIN or CRNO transduction. Expression levels of
blue opsin were increased by additional OTX2 gene transduction. ‘w/0’: cultured fibroblasts without gene transfer as a negative
control. ‘GFP’: cultured fibroblasts after retroviral gene transfer of the GFP gene as another negative control. ‘CRNO’: CRX,
RAX, NEUROD and OTX2. ‘1’, 2’ and ‘3’ mean independently cultured, transfected and harvested cells by the same combina-
tion of CRIN genes. (D) Immunocytochemistry using antibodies to rhodopsin and blue opsin (green). Nuclei were stained with
DAPI (blue). Experiments were carried out at 2 weeks after infection. The cells in the left panel and the right panel are CRN-
infected Fib#2 and Fib#1, respectively. Scale bars represent 10 pum.

and CNGB?3 levels; withdrawal of RAX resulted in a
marked decrease in expression of blue opsin, and with-
drawal of NEUROD resulted in a striking decrease in
expression of PDE6C. Alternatively, withdrawal of
OTX2 alone did not affect the up-regulation of any of
the tested photoreceptor-specific genes. These results
indicate that OTX2 is not an essential factor but an
amplifier for induction of photoreceptor cells from
human dermal fibroblasts, suggesting that additional
OTX2 plays a role in improving the balance and stabil-
ity of photoreceptor-related gene expression in
induced photoreceptor cells. Removal of either CRX,
RAX or NEUROD resulted in a marked decrease in
blue opsin, S-antigen, PDE6C and CNGB3 levels,
suggesting that each transcription factor plays a role for
specific molecular functions along with a role as a
constituent of a combination for transdifferentiation to
photoreceptor cells.

Photoreceptor-related functional genes are clearly
up-regulated in induced photoreceptor cells from
human dermal fibroblasts

To clarify the specific gene expression profile in
induced photoreceptor cells, we compared the
expression profiles of 50 599 probes in the induced
photoreceptor cells (CRIN-infected fibroblasts (CRIN
-Fib), CRINO-infected fibroblasts (CRNO-Fib) and
parental cells [fibroblast (Fib)] by microarray analysis
(uploaded to GEO accession #GPL16699 at http://www.
ncbinlm.nih.gov/geo/index.cgi). We first extracted the
intersection of the two groups of genes, that is,
up-regulated genes by CRN-infection ([CRIN-Fib]
vs. [Fib]) and those by CRINO-infection ((CRNO-
Fib] vs. [Fib]) (signal ratio > +1.5 for ‘up’). According
to gene ontology (GO) term annotation, the
differentially expressed genes (4124 probes), which were
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Figure 2 Effect of additional OTX2 gene infection. Quantitative RT-PCR results for expression levels of rod- or cone-specific
genes in induced photoreceptor cells from human dermal fibroblasts by the defined transcription factors. Quantitative expression
levels of rhodopsin, blue opsin, green opsin, recoverin, S-antigen, CNGB3 and PDE6c¢ genes were investigated. The data of green
opsin, recoverin and CNGB3 were the results in experiments using Fib#2, and the data of rhodopsin, blue opsin and S-antigen
were the results in experiments using Fib#3. The vertical axis indicates expression levels of each gene (%) in the indicated cells,
relative to human retinal tissues. For rhodopsin, expression in cultured fibroblasts is regarded as 1.0. Results of statistical analyses
for comparison of expression levels between CRNO-infected cells and CRN-infected cells are shown [*P < 0.05 and **P < 0.01
(Welch’s t-test)]. ‘~‘: cultured fibroblasts without gene transfer as a negative control. ‘CRIN’: CRX, RAX and NEUROD.
‘CRNO’: CRX, RAX, NEUROD and OTX2. ‘CRNP’: CRX, RAX, NEUROD and PAX6.

included in the intersection, were categorized into to 0.2% of the total (Fig. 4A; Table S1 in Supporting

functional groups. Interestingly, when phototransduc- Information). In fact, signals of 16 probes were incre-
tion-related genes were extracted, they accounted for up ased among the 30 phototransduction-related probes.
Genes to Cells (2014) © 2014 The Authors
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Figure 3 Effect of individual withdrawal of each gene from the combination of CRX, RAX, NEUROD and OTX2. Quantitative
RT-PCR results for expression levels of rod- or cone-specific genes in induced photoreceptor cells from human dermal fibroblasts
by the defined transcription factors. To determine which of the four genes, that is, CRX, RAX, NEUROD and OTX2, are criti-
cal, we examined the effect of withdrawal of individual factors from the pool of the candidate genes on expression of the opsin
genes. In this experiment, Fib#3 was used. Quantitative expression levels of blue opsin, recoverin, S-antigen, CNGB3 and
PDE6C genes were investigated. Vertical axis indicates expression levels of each gene (%) in the indicated cells, relative to human
retinal tissues. Individual withdrawal of RAX resulted in a significant decrease in expression of blue opsin and withdrawal of CRX
resulted in a significant decrease in S-antigen PDE6C and CINGB3. Individual withdrawal of NEUROD resulted in a significant
decrease in PDE6C. However, withdrawal OTX2 could up-regulate all of the retina-specific genes tested. ‘O(-): CRX, RAX and
NEUROD. ‘R(-)’: CRX, OTX2 and NEUROD. ‘C(-)’: OTX2, RAX and NEUROD. ‘N(-): CRX, RAX and OTX2. ‘pMXs":
cultured fibroblasts after retroviral gene transfer of the pMXs gene as a negative control.

To clarify the difference in gene expression pro- detection/perception, which includes detection of
files between fibroblast-derived and iris-derived pho- external stimulus, detection of abiotic stimulus and
toreceptor cells, we investigated the expression detection of light stimulus, accounted for up to 0.6%

profiles of default cells (iris cells) and induced cells of the total in Fig. 4A, the detection/perception
(CRN-infected iris cells). We carried out GO analysis accounted for up to 21.1% in Fig. 4B.

based on the differentially expressed genes (2585

probes), which were m.cluded m the‘ commo.nly A dermal fibroblast could be a cell source as well
up-regulated genes, that is, ((CRINO-Fib] vs. [Fib]) as an iris cell

and (JCRN-Iris] vs. [Iris]) (signal ratio > +1.5 for

‘up’). The phototransduction-related genes were We searched up-regulated genes both in the CRNO-
extracted and accounted for up to 4.4% (Fig. 4B; infected fibroblasts and in CRN-infected iris cells
Table S2 in Supporting Information). Although (signal ratio > 2.0 for ‘up’) and named as ‘intersection
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Figure 4 Categorization of the genes differentially expressed in induced photoreceptor cells from human dermal fibroblasts by the
defined transcription factors. (A) Categorization of commonly up-regulated genes in induced photoreceptor cells from human der-
mal fibroblasts by genes transduction of CRN and CRNO. To clarify the specific ‘gene expression profile in induced photorecep-
tor cells, we compared the expression levels of 50 599 probes in the induced photoreceptor cells (CRN-infected fibroblasts
(CRN-Fib), CRNO-infected fibroblasts (CRINO-Fib) and parental cells {fibroblast (Fib)] by microarray analysis. We searched up-
regulated genes in the induced photoreceptor cells by CRN- and CRNO-infection compared with parental cells (signal
ratio > +1.5 for ‘up’), respectively. We then extracted the intersection of the two groups of genes, that is, up-regulated genes by
CRN-infection and those by CRNO-infection. According to gene ontology (GO) term annotation, the genes differentially
expressed in the induced photoreceptor cells by CRN- and CRNO-infection (4124 probes) were categorized into functional
group, figuring out the relative importance or significance of the GO-term [corrected P-value < 0.01)]. After that, we cartied out
additional categorization into eight groups. Interestingly, phototransduction-related genes were extracted and account for up to
0.15% of the total. (B) Categorization of commonly up-regulated genes (2585 probes) in the CRNO-transfected dermal fibroblasts
and CRN-transfected iris cells (signal ratio > 1.5 for ‘up’). According to gene ontology (GO) term annotation, the genes differen-
tially expressed in the induced photoreceptor cells (2585 probes) were categorized into functional groups to figure out the relative
importance or significance of the GO term (corrected P-value < 0.01).

of Fib and Iris’. Then, we extracted retina-related NRL gene and the NR2E3 gene were endogenously
genes from them according to Gene Ontology and a up-regulated in the induced photoreceptor cells, that
previous paper (Omori et al. 2011). We focused on is, CRN-Fib, CRNO-Fib and CRN-Iris (Fig. 5E).

remarkably  up-regulated genes (JCRNO-Fib]/
[Fib] > 9.0) and extracted them (Fig. 5A). We then
compared signal ratios between [CRNO-Fib]/[Fib]
(AFib) and [CRN-Iris]/[Iris] (Alris). The signal ratios
of 18 probes were higher in [CRINO-Fib] (AFib/ Light stimulation was applied to infected or non-
Alris > 2.0); however, the signal ratios of 47 signals infected human fibroblasts because CRN- or CRNO-
were higher in [CRN- Iris] (Alris/AFib > 2.0). As for  infected cells showed the photoreceptor-like
other 78 probes, the signal ratios were regarded not to phenotypes by RT-PCR and global gene expression
be significantly different (Fig. 5B; Table S3 in Sup- analyses. Among cells tested, significant light responses

Induced photoreceptor cells from fibroblasts are
photoresponsive in vitro

porting Information). To analyze the gene expression were detected in a portion of infected cells (Fig:. 5F;
data in an unsupervised manner, we carried out princi-  Fig. S2 in Supporting Information). An infected cell
pal component analysis (PCA). The gene expression presented a large outward current when exposed to
patterns in the CRIN-Fib, CRINO-Fib and CRN-Iris light (Fig. 5F, upper panel). However, no detectable
were close based on component 2 (PC2) but were outward current was evoked when light stimulation

apart from the parent cells (Fib and Iris) (Fig. 5C). We was given to a noninfected cell (Fig. 5F, lower panel).
investigated the difference in endogenous expression
of CRX, RAX and NEUROD between CRN-Fib
and CRN-iris by RT-PCR (Fig. 5D). The endoge-
nous CRX genes started to be expressed in CRIN-Fib, This is the first report that human dermal fibroblasts
but the expression levels of RAX and NEUROD  can differentiate into photoreceptor cells by the same
were higher in CRN-Iris than in CRIN-Fib. Both the combination of transcription factors, CRX, RAX and

Discussion
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