
Summary. Induced pluripotent stem cells (iPSCs),
reprogrammed from human somatic cells, hold the
capacity to differentiate into most human body cells.
iPSCs can be differentiated into retinal organoids, a
three-dimensional structured retina containing various
retinal cells. Patient-specific retinal organoids provide a
powerful disease model to recapitulate the disease to
study the pathogenesis of inherited retinal dystrophies, to
screen or discover new drugs, and most importantly to
supply an unlimited cell source for retinal regeneration. 
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Introduction

Induced pluripotent stem cell (iPSC) technology,
which allows the reprogramming of somatic cells into a
pluripotent state, has the potential to produce unlimited
tissue-specific progenitor cells or terminally
differentiated cells (Jin et al., 2009; Avior et al., 2016).
By comparing normal and patient-derived cells, this
technology provides an ideal in vitro model to study the
mechanism of a certain disease for disease modeling and
therapeutic development.

Previously, iPSCs followed by two-dimensional
(2D) differentiation has been a useful tool for simulating
inherited retinal disease (Jin et al., 2011, 2012; Jin and
Takahashi, 2012; Lukovic et al., 2015) and for studying
cell replacement therapy (Jin et al., 2019), although the
methods still lack a cellular network and a niche of a
primordial retina. However, the pathogenesis of a retinal
disease is usually associated with crosstalk or an
interaction between diseased cells and surrounding cells.

Alternatively, three-dimensional (3D) retinal organoids
(ROs) break through the bottleneck of a 2D retinal
differentiation system and provide a well-layered 3D
retinal structure consisting of three orders of retinal
neurons, which highly imitate the temporospatial
arrangement of the retina (Eiraku et al., 2011; Zhong et
al., 2014; Wahlin et al., 2017; Pan et al., 2020). As the
self-formation of ROs mimics the natural development
of the retina, it enables the investigation of the effects of
a distinct mutation on retinogenesis (Tucker et al., 2013;
Guo et al., 2019; Gao et al., 2020; Lukovic et al., 2020).
In brief, the current ROs from pluripotent stem cells
provide a well-structured and functioning retina-like
organ in vitro.

CRISPR-based Cas (CRISPR/Cas) technology is
currently the most commonly used and most efficient
gene editing method, which includes the Cas nuclease
and a guide RNA (gRNA). By cutting the DNA at a
particular chromosomal position, the CRISPR/Cas
system initiates two forms of DNA repair: homology-
directed repair (HDR) and non-homologous end joining
(NHEJ). As the more common repair method, the NHEJ
mechanism introduces base deletion or insertion at the
position of the cutting point, disrupting the open reading
frame and resulting in the inactivation of the target gene
(Burnight et al., 2017). It is mostly used to prevent the
disease progression of autosomal dominant disease
caused by dominant-negative or gain-of-function
mutations (Bakondi et al., 2016; Burnight et al., 2017).
Conversely, the HDR pathway relies on exogenous
donor DNA to correct the disease-causing gene
mutation, achieving a precise gene modification
(Burnight et al., 2017; Zhang et al., 2017). The
CRISPR/Cas system has been used to repair gene defects
in retinal degeneration patient-derived iPSCs (Bassuk et
al., 2016; Tang et al., 2016; Burnight et al., 2017). The
gene correction of patient-derived iPSCs, followed by
differentiation and transplantation of retinal cells, can
minimize the possibility of immune rejection and
provide an ideal method for treating retinal degeneration
disease (Fig. 1). 
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In this review, we mainly focus on the latest
advances in patient iPSC-derived ROs and gene editing
to examine and treat inherited retinal dystrophies (IRDs),
a group of diseases characterized by progressive
photoreceptor degeneration and vision loss, given their
increasing application in this field.
Late-onset retinal diseases: Retinitis pigmentosa
(RP)

RP is the most common IRD disease that displays
exceptional genetic heterogeneity. Currently, more than
4,500 mutations in approximately 207 disease-causing
genes have been identified (Ran et al., 2014)
(http://retinogenetics.org/). USH2A is the most common
pathogenic gene of non-syndromic RP. The early ROs
derived from a patient with c.8559-2A>G mutation of
the USH2A gene displayed obvious defects in
morphology, expression of specific proteins, and
expression of cilium-related genes (Guo et al., 2019).
Gao et al. generated ROs from a RP patient-derived
iPSCs harboring a homozygous c.694G>A mutation of
the PDE6B gene. Transcriptome analysis revealed
remarkabe changes in the expression level of genes
regulating cGMP hydrolysis in the patient ROs at
differentiation day 230, which might lead to impaired
formation of synaptic connections and the connecting
cilium in photoreceptor cells (Gao et al., 2020). 

Despite the ongoing clinical trials for RP gene

augmentation therapy (Ghazi et al., 2016; Zhang et al.,
2021), the HDR mechanism triggered by CRISPR/Cas9
has successfully achieved gene repair in autosomal
recessive RP (arRP) patient-derived iPSCs. To address
the homozygous c.1513ins353 mutation in the MAK
gene, Burnight et al co-delivered a sg1MAK-Cas9
plasmid and an HDR donor plasmid to patient-specific
iPSCs (Burnight et al., 2017). Patient iPSCs were
subsequently differentiated into photoreceptor precursor
cells and RT-PCR was performed with primers flanking
exon 9 of the MAK gene. Their results showed that the
MAK transcript of the precursor cells restored the full
length of exon 9. A similar strategy was applied to
correct the c.992_993delCA mutation of the MERTK
gene (Artero Castro et al., 2019). Different from
previous studies, Cas9-crRNA-tracrRNA ribonucleo-
protein (RNP) complexes and a homology-directed
repair template were nucleofected into patient-derived
iPSCs. DNA sequencing analysis confirmed the
heterozygous and homozygous correction of MERTK
mutation. Two clones were proved to have pluripotency
and a normal karyotype. Moreover, Bassuk et al.
transfected X-linked RP patient-derived iPSCs with a
gRNA/hSpCas9 expression vector and a single strand
oligodeoxynucleotide (ssODN) template and found that
13% of the sequencing reads contained a correction of
the c.3070G>T mutation in the ORF15 of the RPGR
gene (Bassuk et al., 2016). Deng et al. repaired the
c.1685_1686delAT mutation of the RPGR gene in
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Fig. 1. Schematic diagram of patient-
derived iPSCs and retinal organoids
generation and their application for
disease modeling and cell therapy.



patient-derived iPSCs using a gRNA/SpCas9 vector and
a normal template and then differentiated the iPSCs into
ROs (Deng et al., 2018). Gene-corrected ROs displayed
rescued photoreceptor structure, reversed ciliopathy, and
restored the expression level of retinal-related genes.

The CRISPR/Cas9 approach has also been used in
autosomal dominant RP by means of silencing or
correcting the gain-of-function gene mutations.
CRISPR/Cas9-based gene editing combined with
autologous iPSCs provides a promising research basis
for a personalized transplantation strategy for RP.
Burnight et al. delivered an expression vector including
gRNA and SpCas9 cDNA sequence together with a
donor HDR plasmid to patient-derived iPSCs to evaluate
the correction of c.163C>A mutation in the RHO gene
(Burnight et al., 2017). Gene correction was observed in
five of nine clones. Using the NHEJ approach, they
observed indel happened in clones with the mutant allele
only. In addition, Buskin et al. generated iPSCs from a
patient with the most severe clinical phenotype of RP11
due to the c.1115_1125del11 mutation in the PRPF31
gene (Buskin et al., 2018). The CRISPR/Cas9 system in
combination with ssODNs were applied to correct the
PRPF31 mutation in patient-derived iPSCs followed by
ROs differentiation. The results proved that the mutation
of the PRFP31 gene affected ciliogenesis and cilia
length that could be rescued by CRISPR/Cas9 without
causing off-target effects, demonstrating proof of
concept that in situ gene editing is effective. 
Early-onset retinal degeneration: Leber congenital
amaurosis (LCA)

The incidence of LCA is estimated to be 1/80,000
live births, accounting for 5% of all IRD patients (Tsang
and Sharma, 2018). At least 17 genes have been reported
to cause LCA, with a more prevalent inheritance of
autosomal recessive. More than half of LCA patients are
attributable to CEP290, GUCY2D, or RPE65 mutations
that affect the function of photoreceptor cells or RPE.
The optic cups derived from the iPSCs of CEP290-LCA
patients exhibited less developed photoreceptor cilia
(Shimada et al., 2017), demonstrating a molecular
relationship between CEP290 mutations and ciliary
defects. Parfitt et al. differentiated ROs from iPSCs with
a common intron mutation, c.2991+1665A>G, of the
CEP290 gene (Parfitt et al., 2016). Expression of
CEP290 was not detectable at the connecting cilia of
ROs. RT-PCR results revealed the presence of a cryptic
exon between exon 26 and 27 of the CEP290 gene. The
aberrant exon expressed highest in photoreceptors and
impaired ciliogenesis. Antisense oligonucleotide
effectively blocked abnormal CEP290 splicing and
restored cilia-related protein function. Li et al. generated
iPSCs from an LCA patient carrying p.L67R and
p.Y144H mutations of the RPE65 gene (Li et al., 2019).
The RPE65-hiPSCs could generate well-layered ROs
with all subtypes of photoreceptors. Compared with the
healthy control, the RPE cells in patient-derived ROs

had lower RPE65 expression, but had similar
phagocytosis capacity and VEGF secretion level.
Mutations in the AIPL1 gene cause a severe phenotype,
LCA4, which manifests as vision loss during the first
year of life. Recently, Lukovic et al. generated iPSCs-
ROs from an LCA4 patient carrying homozygous
p.Cys89Arg mutation in the AIPL1 gene (Lukovic et al.,
2020). Their results showed a reduced level of mutant
AIPL1 and effector PDE6 proteins in patient ROs,
validating the findings in animal models. However, the
patient-derived ROs maintained a normal retinal
cytoarchitecture.
Syndromic retinal degeneration: Usher syndrome
(USH)

USH is characterized by early-onset sensorineural
hearing loss and late-onset vision loss. Mutations in the
USH2A gene are a common cause of USH and arRP.
Tucker et al. generated patient-derived iPSCs with
USH2A mutations and differentiated the cells into optic
cup-like structures with characteristics of retinal
precursor cells (Tucker et al., 2013). An intronic splice
site mutation of the USH2A gene resulted in the
exonification of intron 40 and a premature stop codon.
The elevated expressions of GRP78 and GRP94
suggested that the USH2A mutations result in protein
misfolding and endoplasmic reticulum stress. Sanjurjo-
Soriano et al. derived patient-specific iPSCs harboring
two predominant USH2A mutations: Glu767Serfs*21
and Cys759Phe (Sanjurjo-Soriano et al., 2020). They
then used enhanced specificity Cas9 to successfully
correct the two mutations in the iPSCs of patients with
USH or arRP. The expression analysis of iPSCs showed
that the abnormal mRNA levels caused by the mutations
were also reverted following gene correction. In the
study of Tang et al., iPSCs were generated from a patient
harboring compound heterozygous c.1184G>A and
c.4118C>T mutations in the MYO7A gene, an
asymptomatic parent, and a healthy donor (Tang et al.,
2016). Plasmids expressing gRNA (aim at c.4118C>T
mutation), SpCas9, and a 150-bp ssODN were
electroporated into the iPSCs. The correction rate of one
allele was 7% (3 of 45 clones). The corrected hair cell-
like cells differentiated from patient-derived iPSCs were
shown to recover the stereocilia-like protrusions and the
electrophysiological characteristic. 
Retinoblastoma (Rb)

Rb, a monogenic malignancy caused by biallelic
inactivation of the RB1 gene, a tumor-suppressor gene
(Friend et al., 1986), is the most common ocular
malignant tumor in infants and childhood, with the
global mortality up to 70% (Dimaras et al., 2012). Most
recently, we developed a sustainable human Rb model
through mutagenesis of the RB1 gene in PSCs followed
by stepwise differentiation into ROs (Liu et al., 2020).
Notably, the organoids at day 60 exhibited significant
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tumorigenisis. The Rb organoids showed high similarity
with the primary tumor in morphology, omics
characteristic, and in vivo proliferation ability. We found
that the maturing cone precursor is the cell of origin of
Rb and inhibitors of spleen tyrosine kinase (SYK) could
be considered therapeutic drugs. The Rb organoids
model provides valuable insights into tumorigenesis and
drug screening for ocular malignancies and other genetic
cancers.
Perspectives

Human iPSC-derived ROs present a useful tool for
studying retinal development, IRD modelling, drug
screening, and cell therapy. However, a number of
requirements should be considered. It is necessary to
establish reliable and reproducible protocols to
differentiate ROs from iPSCs more efficiently. Of
particular importance is generating mature
photoreceptors in vitro, which may require the co-culture
of RPE cells or the use of biological scaffolds. A
convincing disease modelling will not only benefit from
RO differentiation with a reliable photoreceptor function
but also from the establishment of iPSC lines with the
same genetic background. However, reducing the
variability of RO differentiation remains a major
challenge. Generating family control iPSCs for patients
may significantly reduce the genetic variation.

Patient-derived iPSCs may also become a choice for
cell therapy in the future. Two important factors should
be considered: the precision gene editing of the iPSCs
with mutations and the ideal differentiation stage of

iPSC-derived retinal cells to transplant. For clinical
applications, the RNP CRISPR/Cas9 gene editing may
be more advantageous because it shows a relatively high
gene editing efficiency and a low off-targeting rate.
Pausch et al. described a minimal functional CRISPR-
Casɸ system comprising a 70 kd Cas protein, with an
expanded target recognition capability (Pausch et al.,
2020). The iPSC-derived retinal cells are strictly
screened prior to transplantation. To ensure safety,
karyotype analysis, tumorigenicity, and whole genome
sequencing must be performed before clinical trials.

The major advantage of gene-corrected patient
iPSC-derived cells for transplantation is reduced
immunogenicity. However, the autologous iPSC-derived
retinal cells for clinical use will be high-cost; therefore,
other approaches are needed. Sugita et al. transplanted
iPSC-derived RPE of non-human primate into the eyes
of major histocompatibility complex (MHC)-matched
donors (Sugita et al., 2016) and observed the allografts
survived without signs of rejection. As a result, building
of an iPSCs bank that includes homozygotes for
common MHC types allows stem cell transplantation for
patients with MHC matching, greatly reducing the
differentiation cost and cell variability of iPSCs. In fact,
phenotypic variation can be detected even in iPSCs from
the same donor. If iPSCs are derived from the terminal
differentiated cells of unrelated individuals, the
phenotypic difference will be more significant (Burnight
et al., 2017; Sanjurjo-Soriano et al., 2020). This
encourages the finding of ways to minimize the
differences between the iPSC lines. 

Although ROs differentiated in vitro consist of a
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Fig. 2. Human iPSCs-derived retinal organoid (A) contains Recoverin+ (green)/ Crx+ (red) photoreceptor cells (B).



variety of retinal cell types and electrophysiological
characteristics of photoreceptors (Fig. 2), this 3D
structure is still different from a far more complicated in
vivo retina, such as the lack of vascularization and
important physiological interactions (Achberger et al.,
2019a,b). To simulate the in vivo niche, Achberger et al.
developed a physiological model of the human retina
(Achberger et al., 2019a,b), the retina-on-a-chip, which
integrated more than seven retinal cell types and
provided vasculature-like perfusion. The model
increased the formation of outer segment-like structures
on the ROs and allowed the establishment of a defined
interaction site between the segment structures of the
ROs and RPE. Furthermore, the interaction enhanced the
function of outer segment phagocytosis and calcium
dynamics. 

In summary, the characteristics of patient-derived
ROs make it the most reliable “diseases-in-a-dish”
model, which is sufficient to identify the pathogenicity
of suspected mutations, to simulate disease progress, to
screen or discover new drugs, and to provide a source
for autologous gene-corrected cell transplantation.
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