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of Induced Photoreceptor-Like 
Cells from Fibroblasts of Patients 
with Retinitis Pigmentosa
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Abstract

Generation of induced photoreceptors (PRs) 
holds promise as a tool for in  vitro model-
ing of inherited retinal diseases. Direct 
reprogramming, direct conversion or redi-
rect differentiation of somatic cells by 
overexpression of transcription factors is a 
promising, simple, and low-cost approach 
to generate target cells from somatic cells 
without using induced pluripotent stem cells. 
My research group has successfully gener-
ated PR-like cells from human somatic cells; 
iris cells, dermal fibroblasts, and peripheral 
blood mononuclear cells (PBMCs) using 
this redirect differentiation technique. In this 
chapter, I introduce this method and demon-
strate its application as a cellular model of 
inherited retinal diseases.

First, we tried to define the transcription 
factor combinations that can induce PR-like 
cells. A mixture of these genes was then 
transduced into iris cells, which were exam-
ined for inducible expression of PR-specific 
phenotypes. Expression patterns were depen-
dent on combinations of transcription fac-

tors: A combination of CRX and NeuroD 
induced rhodopsin and blue opsin, but not 
green opsin; a combination of CRX and RAX 
induced blue opsin and green/red opsin, but 
not rhodopsin. After transduction with CRX, 
RAX, and NeuroD, rhodopsin-positive, blue 
opsin- positive, or green/red opsin-positive 
cells were found in induced PR-like cells 
by immunostaining, and these cells were 
determined to be photo-responsive by func-
tional analysis using whole cell patch-clamp 
recordings. However, the response was an 
inward current instead of the typical outward 
current. Next, we tested whether human 
dermal fibroblasts could be converted into 
PRs. Transduction with the same combi-
nation of genes, CRX, RAX, and NeuroD, 
upregulated expression of the PR-specific 
genes. Additional OTX2 gene transduction 
increased the upregulation of these genes. 
Both the NRL gene and the NR2E3 gene were 
also endogenously upregulated in these cells. 
Global gene expression data by microarray 
analysis showed that phototransduction- 
related genes were significantly increased 
in these cells, where a photo-response, i.e., 
outward or inward current, was detected 
using the whole cell patch- clamp recordings. 
We then examined whether human PBMCs 
could be converted into PRs. Retinal disease-
related genes, most of which are crucial to PR 
functions, were detected in CRX-transduced 
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PBMCs. Functional studies showed that a 
light-induced inward current was detected in 
some CRX-transduced PBMCs.

Retinitis pigmentosa (RP) is an inherited 
retinal dystrophy that leads to visual impair-
ment. The EYS gene was reported as the most 
common gene responsible for autosomal 
recessive (ar) RP. arRP with EYS gene defects 
is denoted by “EYS-RP.” We produced 
PR-directed fibroblasts from EYS-RP patients 
using redirect differentiation as a replacement 
for degenerative retinas. A combination of 
four transcription factors, CRX, RAX, OTX2, 
and NeuroD, was transduced into dermal 
fibroblasts from three EYS-RP patients with 
homozygous or heterozygous mutations. We 
analyzed the defective transcripts of the EYS 
gene in these cells to elucidate the phenotypes 
of the EYS-RP patients, as the decay of the 
transcripts may be involved in the phenotypic 
variation associated with the disease. As a 
result, expression levels of defective tran-
scripts were markedly different depending on 
the type of mutation. In conclusion, we sug-
gest that the redirect differentiation method 
may be a valuable tool for disease modeling, 
despite some limitations.

Keywords

Redirect differentiation · Iris · Dermal 
fibroblast · Peripheral blood mononuclear 
cells (PBMC) · Photoreceptor (PR) · Disease 
modeling · Retinitis pigmentosa · EYS   
Truncating mutation · Nonsense-mediated 
mRNA decay (NMD) · Phenotypic variation  
Genotype-phenotype relationship

13.1  Introduction

Retinitis pigmentosa (RP) is an inherited reti-
nal dystrophy that leads to visual impairment. 
Generation of induced photoreceptors (PRs) 
holds promise for in vitro modeling of inherited 
retinal diseases such as RP.  The ideal tool for 
analysis of transcripts of the pathogenic genes 

is a retina from a patient, but for research pur-
poses, cellular models are available as a substi-
tute for human retinas. Induced PRs generated 
from disease- specific iPSCs of RP patients were 
reported to reproduce pathogenic phenotypes 
[1–4]. Although methods to generate PRs from 
induced pluripotent stem cells (iPSCs) have 
been established [5, 6], they are expensive and 
time- consuming. We established an alternative 
method, “redirect differentiation,” wherein photo-
sensitive PR-like cells are generated more easily 
and rapidly [7–9]. Direct reprogramming, direct 
conversion or redirect differentiation of somatic 
cells by overexpression of transcription factors is 
a promising, simple, low-cost approach to gener-
ate target cells from somatic cells without using 
iPSCs. My research group successfully generated 
PR-like cells from human somatic cells; iris cells, 
dermal fibroblasts, and peripheral blood mono-
nuclear cells (PBMCs), using a redirect differ-
entiation technique. Because we determined that 
continuous expression of exogenous transgenes 
is necessary to maintain the properties of PRs, we 
call this method “redirect differentiation.”

We further generated and analyzed induced 
PR-like cells from human somatic cells derived 
from healthy volunteers and RP patients by redi-
rect differentiation to examine the possibility of 
using these cells for disease modeling of RP.

13.2  What Is “Redirect 
Differentiation”?

The possibility of redirecting cell differentiation 
by overexpression of genes was first suggested 
by Weintraub with the identification of the “mas-
ter gene,” MyoD [10]. The process of “direct 
reprogamming” or “direct conversion” is thought 
to be direct lineage switching [11] rather than 
lineage switching back to a branch point and out 
again in a different direction. Examples of “direct 
conversion” has been shown in beta-cells, cardio-
myocytes, and neurons: A specific combination 
of three transcription factors (Ngn3, Pdx1, and 
MafA) reprogram differentiated pancreatic exo-
crine cells in adult mice into cells that closely 
resemble beta-cells [12]; a combination of three 
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factors (Gata4, Tbx5, and Baf60c) induces non- 
cardiac mesoderm to differentiate directly into 
contractile cardiomyocytes [13]; and a combi-
nation of three factors (Ascl1, Brn2, and Myt1l) 
converts mouse fibroblasts into functional neu-
rons [14]. We tried to generate PR-cells by this 
“direct reprogramming” or “direct conversion.”

13.3  Methods of Differentiation 
and Assessment of Induced 
PR-Like Cells

At first, we defined the transcription factor com-
binations that can determine photoreceptor cell 
fate using human iris cells. Detailed methods are 
available in our previous paper [7]. In brief, we 
selected Six3, Pax6, Rax, Crx, Nrl, and NeuroD, 
genes that were expected to contribute to the 
induction of PR-specific phenotypes. Full length 
of transcription factors SIX3 [15], PAX6 [16], 
RAX [17], CRX [18], NRL [19, 20] and NeuroD 
[21], were amplified from cDNAs prepared from 
total RNA of adult human retina (Clontech, CA, 
USA) by PCR, and cloned into the XmnI-EcoRV 
sites of pENTR11 (Invitrogen). The resulting 
pENTR11-transcription factors were recombined 
with pMXs-DEST (modified pMXs (gift from T 
Kitamura to A Umezawa) by Y Miyagawa) by 
use of LR recombination reactions (Invitrogen). 
The retroviral DNAs were then transfected into 
293FT cells and after 3 days, the media was col-
lected and concentrated. The iris-derived cells 
were plated onto laminin-coated dishes and 
maintained for 1 day. The cells were transduced 
with media containing retroviral vector particles 
with 8 μg/ml of polybrene for 5 h at 37 °C. After 
retroviral transduction, the media was replaced 
with the DMEM/F12/B27 medium supplemented 
with 20 ng/ml bFGF, 40 ng/ml EGF, fibronectin, 
and 1% FBS.  The retrovirus-transduced cells 
were cultured for up to 21 days. In order to mea-
sure the efficiency of transduction, we transduced 
retroviral eGFP under the same conditions. The 
frequency of eGFP-positive cells was 90–94% 
of all cells 48 h after transduction. Each vector 
contained one transcription factor and a mix-
ture of vectors was used. Transduced cells were 

examined for inducible expression of PR-specific 
phenotypes using RT-PCR and immunocyto-
chemistry. In addition, photo-responsiveness 
of induced PR-like cells was investigated using 
patch-clamp recordings.

13.4  Combinations 
of Transcription Factors 
Determining Photoreceptor 
Cell Fate

Transduction of a single gene for SIX3, PAX6, 
RAX, CRX, NRL, or NeuroD did not induce rod- 
or cone-specific phenotypes in iris cells, but the 
six genes together upregulated blue opsin and 
rhodopsin as shown previously [7]. To deter-
mine which of the six candidates were critical, 
we tested the effect of withdrawal of individual 
factors from the pool of transduced candidate 
genes on the expression of the opsin genes. We 
identified two genes, NeuroD and CRX, which 
were essential for PR-induction; withdrawal 
of NeuroD resulted in the loss of expression of 
rhodopsin, and withdrawal of CRX resulted in 
the loss of blue opsin. Expression patterns were 
dependent on combinations of transcription fac-
tors: A combination of CRX and NeuroD induced 
rod- specific genes, but did not induce the red 
opsin gene. Additional RAX gene transduction 
significantly upregulated blue opsin gene expres-
sion. A combination of CRX and RAX induced 
blue opsin and green/red opsin, but did not induce 
rhodopsin. NeuroD significantly decreased 
expression of the cone-specific genes, i.e., genes 
for green opsin and cone channel B3 (CNGB3) 
in human iris cells (p  <  0.005). It was clearly 
demonstrated that the expression of rhodopsin 
and S-antigen, which are specifically expressed 
in rod-PRs, were much higher in CRX, RAX, and 
NeuroD-transduced cells than in CRX and RAX-
transduced cells (rhodopsin, p < 0.05; S-antigen, 
p < 0.005, Welch’s t-test). From these results, it 
was speculated that the combination of CRX and 
RAX generated immature PRs: and additional 
NeuroD promoted maturation.

We then tested whether human dermal fibro-
blasts could be converted into PRs [8]. Human 
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dermal fibroblasts can be differentiated to PR-like 
cells by the same transcription factor combination 
as human iris cells. Transduction of a combina-
tion of the CRX, RAX, and NeuroD genes upregu-
lated expression of PR-specific genes, recoverin, 
blue opsin, and PDE6C. Additional OTX2 gene 
transduction increased up-regulation of these 
genes. Both the NRL gene and the NR2E3 gene, 
which were reported to determine  photoreceptor 
cell fate, were endogenously upregulated in 
PR-directed fibroblasts by four transcription fac-
tors, CRX, RAX, OTX2, and NeuroD, by microar-
ray analysis and endpoint RT-PCR, implying that 
exogenous CRX, RAX, OTX2, and NeuroD, but 
not NRL, are sufficient to generate PR-like cells 
with expression of rod-specific genes.

13.5  Endogenous and Exogenous 
Expression of Transcription 
Factors

We performed RT-PCR to investigate whether 
endogenous expression of transcription factors 
was induced in the PR-like cells that we gener-
ated [7, 8]. Both transgenic and endogenous CRX, 
RAX, and NeuroD were expressed. This indicates 
that human somatic cells, such as iris cells and 
dermal fibroblasts, were reprogrammed into PRs, 
at least to some extent. We then suppressed the 
CRX and NeuroD genes by siRNA.  Expression 
of the PR-specific genes such as blue opsin, 
s-antigen, and recoverin decreased significantly 
in siCRX and siNeuroD-transfected cells, sug-
gesting that continuous expression of CRX and 
NeuroD is necessary to maintain the properties of 
PRs. This is why we call our method “differentia-
tion,” not “reprogramming.”

13.6  Photo-Responsiveness of 
Induced PR-Like Cells

For functional assessment of transduced cells, 
electrical recordings were made using the 
whole cell patch-clamp technique. The mem-
brane current before and after light stimulation 

was recorded and analyzed. The PR-like cells 
derived from iris cells, induced by CRX, RAX, 
and NeuroD, responded to light. However, the 
response was an inward current instead of the 
typical outward current [7]. Since the light- 
induced inward current seemed to be mediated 
by melanopsin-associated phototransduction, 
we investigated the expression of melanop-
sin by RT-PCR and immunocytochemistry. 
CRX, RX, and NEUROD-transduced iris cells 
expressed melanopsin, suggesting that mela-
nopsin expression was associated with inward 
current.

PR-directed fibroblasts, transduced by CRX, 
RAX, NeuroD, and OTX2, clearly responded to 
light. Global gene expression data by microarray 
analysis showed that phototransduction-related 
genes were significantly increased in induced 
PR-like cells. We also demonstrated that physi-
ological responses to light differed between two 
different commercially available cell lines [22]. 
Under light stimulation, Ishii et al. found that an 
outward current (photoreceptor-like responses) 
was observed in both cell lines, while an inward 
current (intrinsically photosensitive retinal gan-
glion cell-like responses) was observed only in 
one cell line. Although cell age (passage number) 
may have differed, our data suggest that prop-
erties of the photosensitive cells produced by 
redirect differentiation may be controlled by the 
origin of the cell source.

However, some CRX-transduced PBMCs 
exhibited a light-induced inward current [9], 
instead of the typical outward current. Since the 
light-induced inward current seemed to be medi-
ated by melanopsin-associated phototransduction 
as observed in iris-derived PR-like cells [7, 23], 
Komuta et al. investigated the expression of mela-
nopsin by RT-PCR. The expression of melanop-
sin was not detected in PR-directed PBMCs. The 
reason an inward current was detected in CRX-
transduced cells expressing PR-related genes was 
not determined; however, it might be possible 
that signals passed from blue, red, or green opsin 
to a downstream point in the melanopsin signal-
ing cascade in CRX-transduced cells, leading to 
depolarization by light stimulation.
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13.7  Variation of Cell Types 
of Sources for Induced 
PR-Like Cells (Fig. 13.1)

13.7.1  Iris

My research group defined the transcription fac-
tor combinations that can induce PR-like cells 
from human infantile iris cells [7]. Expression 
patterns were dependent on combinations of 
transcription factors: A combination of CRX and 
NeuroD induced rhodopsin and blue opsin, but 
not green opsin; a combination of CRX and RAX 
induced blue opsin and green/red opsin, but not 
rhodopsin. Expression levels of rhodopsin genes 
and blue opsin genes reached maximum lev-
els 1 week after gene transduction of transcrip-
tion factors and remained unchanged for up to 
3 weeks. Expression of green/red opsin reached 
maximum levels 3 days after gene transduction. 
After transduction with CRX, RAX, and NeuroD, 
rhodopsin-positive, blue opsin-positive, and 
green/red opsin-positive cells were 29% (per 954 
cells), 37% (per 235 cells), and 25% (per 193 
cells) of total cells, respectively, by immunostain-
ing. Hybrid PRs were also detected by double- 
staining immunocytochemistry. Ultrastructural 
analysis revealed a cilia- associated structure, i.e., 
centriole, surrounded by mitochondria [7].

Although it has been shown that retinal stem 
cells are not present in the human iris [24, 25], 
our previous study demonstrated that human iris 
cells expressed stem cell markers such as nes-
tin, N-cadherin, Sox2, Musashi-1, and Pax6 [7]. 
Expression of stem cell markers in iris cells may 
be attributed to the cell source, i.e., cells from 
infants. However, PR cell differentiation with 
exogenously added chemicals and growth factors 
was limited [7]. Other experimental evidence has 
also suggested the limitation in mammals with-
out genetic manipulation. Progenitor cells from 
the mammalian iris, pars plana, and ciliary body 
do not show a convincing immunoreactivity for 
rhodopsin, phosducin, recoverin, PKC, or RPE65 
[26], but are induced into PR progeny with reti-
nal transcription factors [27, 28]. Derivation 
of PR-like cells can be attributed to transgene- 
dependent differentiation of retinal progenitors 
that exist in the iris. We also indicated that human 
iris stromal (IS) cells that originate from neural 
crest [7], as well as IPE cells, differentiate into 
PR-like cells.

13.7.2  Dermal Fibroblasts

The induced pluripotent stem cells (iPS) devel-
oped by Takahashi and Yamanaka was the first 

Cell source Characteristics Origin Invasiveness Reference

Iris cells attached eye high Seko et al. 2012 (7)

fibroblasts attached dermis medium Seko et al. 2012 (8)

mononuclear cells floating blood low Komuta et al. 2016 (9)

Human somatic cells Human photoreceptor-like cells

CRX, NeuroD , RAX 

CRX, NeuroD , OTX2, RAX 

CRX

Fig. 13.1 Variation of 
cell types of sources for 
induced photoreceptor- 
like cells
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model for “direct reprogramming,” in which 
mouse adult fibroblasts were reprogrammed 
by transduction of four transcription factor 
genes, Oct3/4, Sox2, c-Myc, and Klf4 [29]. 
Additionally, functional neurons were gener-
ated from mouse fibroblasts by a combination of 
three factors (Ascl1, Brn2, and Myt1l) [14], and 
functional platelets were generated from mouse 
and human fibroblasts by a combination of three 
factors (p45NF-E2, MafG, and MafK) [30]. 
Because human dermal fibroblasts are less spe-
cialized than iris cells, we tested whether human 
dermal fibroblasts could be converted into PRs 
by the same defined combination of genes used 
successfully for human iris cells, CRX, RAX, and 
NeuroD, to generalize and establish our technol-
ogy for generating PRs [8]. In human dermal 
fibroblasts, recoverin, blue opsin, PDE6c were 
upregulated by a combination of CRX, RAX, and 
NeuroD. Additional OTX2 gene transduction 
increased up-regulation of the PR-specific genes; 
that is blue opsin, recoverin, S-antigen, CNGB3, 
and PDE6C.  These results suggest that OTX2 
may work as an amplifier [8].

For functional assessment of transduced cells, 
electrical recordings were made using the whole 
cell patch-clamp technique. The membrane 
current before and after light stimulation was 
recorded and analyzed. Induced PR-like cells 
derived from human dermal fibroblasts, induced 
by CRX, RAX, and NeuroD, responded to light. 
A typical outward current was detected [8, 22].

Dermal fibroblasts are of mesodermal origin 
and immunogenic, while iris-pigmented epi-
thelial cells (IPE cells) are of neural ectoderm 
origin and show immune tolerance. Iris cells 
studied here include not only IPE cells but also 
iris stromal cells, which are of neural crest ori-
gin. We have previously shown that iris cells, 
IPE cells, and iris stromal cells are differenti-
ated into photoreceptor cells in the same way 
[7]. However, dermal fibroblasts are harvested 
easily and safely, and iris cells are obtained sur-
gically. To find a more suitable cell source than 
the iris cells for reprogramming into photore-
ceptor cells, we compared signal ratios between 
PR-direct fibroblasts and PR-directed iris cells 

by a microarray analysis. The results show that 
there was an increase in both the expression lev-
els and the variety of upregulated PR-specific 
genes in PR-directed iris cells when compared 
with PR-direct fibroblasts [8]. The difference in 
induced endogenous expression of transcription 
factors CRX, RAX, and NeuroD between CRN- 
Fib and CRN-Iris as well as the difference in 
upregulated photoreceptor-specific genes may 
suggest a difference in reprogramming poten-
tial between the two types of cells. From the 
standpoint of regenerative medicine, iris cells 
may be more suitable than dermal fibroblasts 
based on their characteristics of immune toler-
ance and higher expression of retina-specific 
genes in differentiated cells. It may be possible 
to improve dermal fibroblasts as a source by use 
of other transcription factors or by manipulating 
the histone methylation signature [31]. Dermal 
fibroblasts have an important advantage in that 
these cells are obtained safely and easily from 
patients. Because the direct reprogramming 
method may be suitable to provide the small 
numbers of cells required for individualized 
drug screening and disease modeling, dermal 
fibroblasts may be useful for such purposes 
despite their limitations.

13.8  Peripheral Blood 
Mononuclear Cells (PBMCs)

We further investigated another cell type, 
peripheral blood mononuclear cells, or PBMCs. 
Though dermal fibroblasts are often utilized for 
reprogramming, sampling by dermal biopsies 
requires surgical intervention and expertise. 
Therefore, we tested whether human PBMCs 
could be converted into PRs. Based on our pre-
vious studies of the generation of photosensitive 
PR-like cells from human iris cells and human 
dermal fibroblasts, we transduced the same tran-
scription factors into PBMCs via Sendai virus 
vectors. PBMCs expressed cone-related genes 
after the transduction of CRX alone using SeV 
vectors. Blue opsin and red/green opsin were 
more efficiently and intensely expressed in 
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CRX- transduced PBMCs prepared using SeV 
vectors than in those using retrovirus vectors 
because transduction by SeV vectors is efficient. 
However, the expression levels of the blue opsin 
gene increased in CRX-transduced PBMCs but 
not in fibroblasts, although transduction was 
performed by SeV vectors in both cell types. 
Endogenous CRX expression was detected in 
dermal fibroblasts transduced with CRX by both 
retrovirus and SeV vectors, but was detected in 
PBMCs transduced only by SeV vectors. These 
differences might be attributed to variable repro-
gramming efficiencies based on different meth-
ylation signatures dependent on cell types, as 
previously reported [31, 32].

We found that some PR-related genes, blue 
opsin, PDE6H, and SAG, were efficiently 
detected in CRX-transduced cells. Expression 
levels of blue opsin and PDE6H peaked at 
1 week and that of SAG peaked earlier, at 3 days. 
By immunocytochemistry, on the third day after 
transduction, blue opsin-positive cells consti-
tuted about 20% of the CRX-transduced cells. 
Surprisingly, in functional studies, patch-clamp 
recordings showed that a light-induced inward 
current was detected in some CRX-transduced 
cells. Photostimulation of the rod or cone path-
way produces hyperpolarizing responses, while 
activation of the melanopsin pathway produces 
depolarizing responses [23]. Since the light- 
induced inward current seemed to be mediated 
by melanopsin-associated phototransduction 
as observed in iris-derived photoreceptor-like 
cells [7], Komuta et al. investigated the expres-
sion of melanopsin by RT-PCR.  However, the 
expression of melanopsin was not detected in 
photoreceptor- directed PBMCs. We therefore 
examined photoreceptor- related and melanopsin-
related genes that function in phototransduction. 
Strong expression of downstream genes of the 
melanopsin cascade, such as TRPC and Gqα, 
was detected. Abundant CNGB3 expression was 
detected in CRX-transduced cells, but CNGA3, 
which coordinates with CNGB3, was not suffi-
ciently expressed. This might be the reason why 
the phototransduction cascade could not medi-

ate the light stimuli as the typical outward cur-
rent of photoreceptors. Proteins involved in the 
signal transduction cascade of melanopsin, such 
as TRPC and Gqα proteins, which induce depo-
larization, were abundantly expressed, while 
Gαt and CNG proteins, which induce hyperpo-
larization, were not sufficiently expressed. The 
reason why an inward current was detected in 
CRX- transduced cells expressing photoreceptor-
related genes was unknown at this time; however, 
it might be possible that signals passed from blue, 
red, or green opsin to a downstream point in the 
melanopsin signaling cascade in CRX-transduced 
cells, leading to producing the depolarization by 
light stimuli.

Furthermore, numerous retinal disease-
related genes were efficiently detected in CRX- 
transduced cells, most of which are crucial to 
the photoreceptor function. In order to increase 
differentiation efficiency, Komuta et  al. modi-
fied the culture conditions. By adding trans-
duction of RAX1 and NEUROD1, additional 
conditioned medium of cultured retinal pigment 
epithelial cells and Activin A, DKK, and Lefty2, 
they saw expression of a greater variety of retinal 
disease- related genes than that observed in CRX- 
transduced PBMCs. Polycistronic vectors, with 
four transcription factors, CRX, RAX, NeuroD, 
and OTX2, were inserted in a cistronic manner 
via Sendai virus, were employed with the aim to 
improve the differentiation efficiency of PBMC 
to PRs. However, expression levels of rhodop-
sin were higher in PR-directed fibroblasts with a 
mixture of mono-cistronic retrovirus vectors than 
in PR-directed PBMC by polycistronic vectors 
via Sendai virus vectors (unpublished data).

PBMC proliferation is induced by IL-2, 
are easily collected, and are safer to use com-
pared to dermal fibroblasts; these cells have the 
potential for use as a cell source for differen-
tiation into PRs. CRX transduced by SeV acts 
as a master control gene for reprogramming of 
PBMCs into PRs, specifically, cone PR-like 
cells. In PR-directed PBMCs, expression of rod- 
photoreceptor specific genes was very low; the 
differentiation needs to be improved.

13 Generation and Analysis of Induced Photoreceptor-Like Cells from Fibroblasts of Patients…



176

13.9  Application of Induced 
PR-Like Cells to RP Research

We examined the possibility of using our induced 
PR-like cells derived from dermal fibroblasts 
of RP patients as disease modeling for RP [33] 
because of the shortcomings of our differentia-
tion methods.

RP displays degeneration of PR/RPE via gene 
defects, leading to the deterioration of nyctalopia 
and narrowing of the visual field. RP is progres-
sive and incurable, leading to a major causative 
disease of juvenile blindness. It is speculated that 
gene defects lead to cellular dysfunction of PRs 
in patients. Disease modeling of RP should be 
useful for disease diagnosis, elucidation of patho-
genesis, and drug screening.

Defects in the EYS gene on chromosome 6q12 
were found to be a major cause of autosomal 
recessive (ar) RP in several populations [34–
39]. In Japan, c.4957dupA (p.Ser1653Lysfs*2) 
and c.8805C  >  A (p.Tyr2935*) were identified 
as pathogenic mutations in about 20%–30% of 
arRP patients [40, 41]. To date, many EYS vari-
ants have been reported as causative defects of 
RP [42]. Hereafter arRP caused by defects in the 
EYS gene is denoted as “EYS-RP.” RP is a highly 
heterogeneous disease, and accordingly, EYS-RP 
exhibits heterogeneous phenotypes with a wide 
range in severity. In order to clarify the genotype- 
phenotype correlation in EYS-RP, the analysis of 
transcripts may be helpful. EYS (OMIM 612424) 
is currently the largest gene expressed in the 
human eye, spanning over 2 Mb within the RP25 
locus (6q12) [34, 37]. The ideal tool for analysis 
of the EYS gene transcripts is a retina from an 
EYS-RP patient. For research purposes, cellular 
models are available as an alternative for human 
retinas.

We collected fibroblasts of patients with 
“EYS-RP.” Dermal fibroblasts were harvested 
from three healthy donors: N#1, N#2, N#3, 
and three EYS-RP patients with homozygous 
or heterozygous mutations (Table  13.1) under 
the approval of the Ethics Committee of the 
National Rehabilitation Center for Persons with 
Disabilities (NRCPD). Using “redirect differen-
tiation” by CRX, RAX, NeuroD, and OTX2, we 

generated PR-directed fibroblasts derived from 
these subjects. We tested the inducible expres-
sion of the PR-specific genes (blue opsin, rho-
dopsin, recoverin, S-antigen, PDE6C, EYS) in 
these cells. PR-specific genes were upregulated 
in all the PR-directed fibroblasts tested. However, 
expression levels of defective transcripts of the 
EYS gene were markedly different, depending 
on the type of mutation. To analyze transcripts 
derived from three different types of the defec-
tive EYS gene, c.1211dupA, c.4957dupA, and 
c.8805C  >  A, we performed RT-PCR and ana-
lyzed DNA sequences of amplified products for 
exon 6–11, exon 26–27, and exon 42–43 that carry 
c.1211dupA, c.4957dupA and c.8805C  >  A, 
respectively, using total RNAs extracted from 
PR-directed fibroblasts of Pt#1, Pt#2 and Pt#3 
10  days after gene transduction. Transcripts 
derived from these three defective genes were 
barely detectable, expressed at a lower level, or 
expressed at almost the same level as in normal 
volunteers, respectively.

Generally, faulty transcripts are imme-
diately triaged for destruction by nonsense-
mediated mRNA decay (NMD) [43]. All three 
EYS-RP donors had the frameshift mutation 
c.4957dupA, in at least one allele of exon 26 
(Table 13.1). Therefore, we expected that NMD 
would cause the loss of the EYS gene tran-
scripts corresponding to exon 26–27. However, 
the transcripts with c.4957dupA were clearly 
detected in PR-directed fibroblasts from Pt#1, 
carrying homozygous mutations and Pt#2, 
carrying compound heterozygous mutations. 
However, the expression levels of the tran-
script with c.4957dupA in Pt#1 and Pt#2 were 
lower than the mean of N#1, N#2, and N#3. 
To explain this phenomenon, we referred to a 
previous study [44] where it was reported that a 
cis element that inhibits NMD is located within 
the first 200  nt when positioned in the down-

Table 13.1 Defects in the EYS gene in patients

Patient # Allele 1 Allele 2
Mutation Mutation

1 c.4957dupA c.4957dupA
2 c.4957dupA c.8805C > A
3 c.4957dupA c.1211dupA
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stream proximal region of the premature termi-
nation codon (PTC) [44]. The authors showed 
several examples with significant enrichment of 
A/U nucleotides (63%–71%) and hypothesized 
that this may be a condition for NMD evasion. 
To determine whether our data was consistent 
with their hypothesis, we analyzed sequences 
in the proximal downstream region of the PTC 
in the transcripts derived from defected alleles 
of the EYS gene and calculated the A/U nucleo-
tide content. For c.4957dupA, A/U content was 
67%, which is in the range previously reported 
(63%–71%). This result supports our hypothesis 
that transcripts having the frameshift mutation, 
c.4957dupA, may partially escape from NMD.

Pt#2 has the nonsense mutation c.8805C > A, 
on an allele of exon 43 (Table  13.1). Because 
this mutation produces a PTC in the last exon, 
the transcript with this mutation may escape deg-
radation by NMD [45]. These transcripts, corre-
sponding to exon 42–43, were clearly detected 
in PR-directed dermal fibroblasts derived from 
Pt#2. The peak amplitudes of normal and mutated 
bases on the electropherogram were nearly the 
same. The expression levels from Pt#2 were 
similar to those from normal volunteers, sug-
gesting that escape from NMD occurred in tran-
scripts with c.8805C > A. Interestingly, the exon 
42–43 region of the EYS gene was expressed in 
human dermal fibroblasts without PR-induction. 
The expression level of the exon 42–43 frag-
ment in default state fibroblasts was higher than 
in PR-directed fibroblasts. Because the EYS is 
reported to be expressed exclusively in the retina, 
our research group intensively studied on this 
exon 42–43 fragment that is expressed in human 
dermal fibroblasts. As a result, Takita et al. iden-
tified a new variant, transcribed from exon 37, 
which is specifically expressed in dermal fibro-
blasts [46].

Pt#3 has the frameshift mutation c.1211dupA 
(p.Asn404Lysfs*3) in exon 8, which has previ-
ously been reported in an Israeli arRP patient 
[38]. By endpoint RT-PCR and sequencing, only 
the transcript derived from the normal allele was 
detected, suggesting that the transcript derived 
from the mutant allele was degraded by NMD, 
as expected.

To pursue the relationship between pheno-
typic variations of EYS-RP patients, large sam-
ples are needed. The present study also suggests 
that the redirect differentiation method could be a 
valuable tool for disease modeling, despite some 
limitations. Our induced PR-like cells may con-
tribute to individualized drug screening and dis-
ease modeling of inherited retinal degeneration.

13.10  Conclusion

My research group has successfully generated 
PR -like cells from human somatic cells; iris 
cells, dermal fibroblasts, and peripheral blood 
mononuclear cells (PBMCs) using a redirect dif-
ferentiation technique. Expression patterns of 
PR-specific genes were dependent on combina-
tions of transcription factors in PR-like cells that 
we generated.

By the redirect differentiation technique, an 
in  vitro EYS-RP model was created by trans-
duction of a combination of transcription fac-
tor genes, CRX, RAX, NeuroD, and OTX2, into 
dermal fibroblasts derived from EYS-RP patients 
with homozygous or heterozygous mutations. 
The expression of the defective EYS transcripts 
was markedly different, depending on the type 
of mutation. Nonsense mutations of the EYS 
gene transcripts, which are the same as in the 
genome, were detected. These results suggest 
that nonsense- mediated mRNA decay, NMD, 
is inhibited, in part, by a cis-acting mechanism. 
Molecular changes in the in  vitro model of RP 
mimic the pathological condition of RP, in part.

In conclusion, we believe that our redirect dif-
ferentiation method may be a valuable tool for 
disease modeling, despite some limitations.
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