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Abstract

Gene correction is a valuable strategy for treating inherited retinal degenerative diseases, a major 

cause of irreversible blindness worldwide. Single gene defects cause the majority of these retinal 

dystrophies. Gene augmentation holds great promise if delivered early in the course of the disease, 

however, many patients carry mutations in genes too large to be packaged into adeno-associated 

viral vectors and some, when overexpressed via heterologous promoters, induce retinal toxicity. In 

addition to the aforementioned challenges, some patients have sustained significant photoreceptor 

cell loss at the time of diagnosis, rendering gene replacement therapy insufficient to treat the 

disease. These patients will require cell replacement to restore useful vision. Fortunately, the 

advent of induced pluripotent stem cell and CRISPR-Cas9 gene editing technologies affords 

researchers and clinicians a powerful means by which to develop strategies to treat patients with 

inherited retinal dystrophies. In this review we will discuss the current developments in CRISPR-

Cas9 gene editing in vivo in animal models and in vitro in patient-derived cells to study and treat 

inherited retinal degenerative diseases.
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1. Introduction

Inherited retinal degenerative disorders, which are predominantly caused by single gene 

defects, are a major cause of irreversible blindness worldwide. As evident from the 

numerous trials of adeno-associated viral vector (AAV) gene augmentation published to date 

(Bainbridge et al., 2015; 2008; Cideciyan et al., 2009; Hauswirth et al., 2008; Jacobson et 
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al., 2012; Maguire et al., 2009; 2008; Russell et al., 2017; Simonelli et al., 2010; Testa et al., 

2013; Weleber et al., 2016), gene therapy delivered early in the course of disease holds great 

promise, especially for recessive conditions. Unfortunately, many patients have disease-

causing mutations in genes that are too large to be packaged into AAVs (Dong et al., 1996; 

Wu et al., 2010). For instance, gene therapy for mutations in the genes ABCA4 and USH2A, 

which together account for almost 25% of inherited retinal disease (Stone et al., 2017), 

requires the delivery of cDNAs that are two to four times larger than the AAV packaging 

capacity. Thus, a substantial fraction of degenerative retinal diseases are not amenable to 

gene augmentation therapy with current viral vectors. Moreover, the retina is highly sensitive 

to transgene expression levels and for many genes overexpression from strong, heterologous 

promoters leads to cytotoxicity (Burnight et al., 2014; Luo et al., 2011; Olsson et al., 1992; 

Seo et al., 2013; Tan et al., 2001). For patients who have sustained significant photoreceptor 

cell loss, gene therapy will not be sufficient and some form of photoreceptor cell 

replacement will be required to restore useful vision. The advent of induced pluripotent stem 

cell (iPSC) (Gu et al., 2015; Park et al., 2008; Takahashi and Yamanaka, 2006; J. Yu et al., 

2007) affords researchers and clinicians the ability to generate therapeutic cells from the 

patients for whom they are intended. Unlike genetically complex diseases such as age 

related macular degeneration, the treatment of Mendelian disorders such as retinitis 

pigmentosa (RP), with cells derived from autologous iPSCs, will likely require correction of 

the patient’s disease-causing gene prior to cellular differentiation and transplantation. As 

indicated above, many retinal genes have very large coding sequences and require exquisite 

transcriptional control. For these reasons, it would be very valuable to have some means of 

editing genes in vivo early in disease progression prior to significant photoreceptor cell 

death and in vitro late in disease progression when photoreceptor cell replacement is 

required.

The recent discovery that prokaryotic immune components known as Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated nucleases such as 

Cas9 can mediate genome editing in mammalian cells provides a means to correct disease-

causing mutations while leaving the gene under control of its endogenous regulatory 

elements (Jinek et al., 2013a; Mali et al., 2013a; Cong et al., 2013). The powerful 

combination of this new technology with induced pluripotent stem cells provides researchers 

with the ability to develop treatments for inherited retinal degenerative blindness regardless 

of disease state. In this review, we discuss CRISPR-Cas9 gene editing, patient-specific 

iPSCs and the therapeutic potential afforded by combining the two technologies to study and 

treat inherited retinal disease.

2. The CRISPR system

2.1. Discovery and role in bacteria

With the recent explosion of CRISPR based genome editing technologies, it might be 

somewhat surprising to learn that CRISPRs were first observed in strains of bacteria in the 

1980s. Originally referred to as Short Regularly Spaced Repeats (SRSRs) before the 

CRISPR acronym was adapted, the first CRISPR array was discovered in E. coli and 

contained 14 direct repeats consisting of highly homologous sequences of 29 nucleotides 
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separated by 32 nucleotides that served as spacers between each repeat (Ishino et al., 1987). 

Soon after, arrays of tandem repeats were discovered in additional strains of bacteria and 

various archaeal lineages, including extremophilic organisms. As of 2013, Barrangou and 

van der Oost reported that CRISPR arrays have been detected in more than 85% of 

sequenced archaeal genomes and 49% of sequenced bacterial genomes (Barrangou and van 

der Oost, 2015).

The presence of CRISPR arrays within intergenic regions of the genome led some to 

hypothesize that they may help to modulate gene transcription (Hermans et al., 1991; Nakata 

et al., 1989). It wasn’t until 2005, however, that CRISPRs were first linked to invading 

genetic elements (Mojica et al., 2005; Pourcel et al., 2005). In these studies, it was noted 

that: 1) BLAST searches of sequenced bacterial species revealed that ~2% of analyzed 

spacers within CRISPR arrays showed striking similarity to sequences from viral DNAs, 2) 

that these sequence matches were generally observed in genetic elements that may be 

capable of invading hosts harboring said CRISPR arrays with matching spacer regions and 

3) that CRISPR arrays may be able to acquire new spacers from foreign invading elements 

(Mojica et al., 2005; Pourcel et al., 2005). These findings lead to the hypothesis that 

CRISPR arrays may be a newly-discovered adaptable immune defense system against 

invading genetic elements (Mojica et al., 2005; Pourcel et al., 2005). The observation that 

the larger the CRISPR array in bacteria, the fewer the number of phages capable of 

successfully infecting them supports this immune defense hypothesis (Bolotin et al., 2005).

2.2. Components and classification of CRISPR-Cas systems

Although CRISPR-Cas systems are classified into three distinct types (Class I, II or III) 

(Bhaya et al., 2011; Makarova et al., 2011; Wiedenheft et al., 2012), they are composed of 

the same basic components. Generally, CRISPR-Cas systems consist of one or more arrays 

of alternating repeat sequences and spacers, a leader sequence and a set of CRISPR-

associated (cas) genes. Cas genes produce CRISPR-RNAs (crRNAs) and Cas proteins 

which, as summarized in Figure 1, function in several ways following infection by a foreign 

invader (1): uptake of new spacers from foreign DNA elements (2; acquisition), generation 

of processed smaller crRNAs from CRISPR transcripts (3; expression), and targeting and 

cleavage of invading genetic elements (4; interference) via protein-crRNA complexes that 

bind with complementary spacer sequences (Leenay and Beisel, 2017).

The three classes of CRISPR-Cas systems are characterized by the distinct sets of cas genes 

that each express. Each system utilizes two universal cas genes, cas1 and cas2 whose main 

function is in spacer acquisition (Marraffini and Sontheimer, 2009; Beloglazova et al., 

2008). Beyond these two genes each class is characterized by a unique cas gene. Type I 

CRISPR-Cas systems encode the gene cas3, which functions as an ATP-dependent helicase 

and a single-stranded DNA nuclease to assist in small guide crRNA-mediated interference of 

foreign DNA elements (Sinkunas et al., 2011). Type II CRISPR-Cas systems include the 

gene, cas9, which produces a large protein capable of generating crRNAs and cleavage of 

target DNA through two nuclease domains, a RuvC-like domain near the amino terminus 

and an HNH nuclease domain located centrally (Makarova et al., 2011). Finally, Type III 

CRISPR-Cas systems express cas10, which produces a protein that contains a domain 
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homologous to the palm domain of nucleic acid polymerases and nucleotide cyclases 

(Barrangou and van der Oost, 2013; Makarova et al., 2011; Cocozaki et al., 2012). While 

each class of CRISPR-Cas plays a vital role in bacteria and archaeal viral immunity, as 

discussed below, the Type II CRISPR system and, in particular the Cas9 protein, has recently 

dominated the field of genome editing. For an in-depth review of the origin and history of 

CRISPR-Cas systems in immunity, the reader is encouraged to refer to elegant reviews 

(Barrangou and van der Oost, 2013; Hsu et al., 2014; Sander and Joung, 2014).

2.3. Early CRISPR-Cas-mediated genome editing studies in eukaryotic cells

In 2013 the field of genome editing was transformed by the publication of three seminal 

papers that described, for the first time, the use of components of the type II prokaryotic 

CRISPR adaptive immune system to perform targeted genomic modification in eukaryotic 

cells (Jinek et al., 2013a; Mali et al., 2013a; Cong et al., 2013). Although genome editing 

technologies such as zinc finger nucleases (ZFNs) and transcription activator-like effector 

nucleases (TALENs) demonstrated the ability to execute site-specific cleavage of eukaryotic 

DNA, the use of ZFNs has been limited by the need to engineer a specific protein for each 

specific DNA target site, which is time consuming and expensive; likewise, TALENs require 

a 5’ thymidine residue which may limit target site availability (Bogdanove and Voytas, 2011; 

Urnov et al., 2010). The CRISPR-Cas-mediated approach offered a new means for targeted 

genome modification that was scalable, relatively low-cost and easier to engineer.

Between 2011–2012, multiple findings laid the groundwork for the potential use of 

CRISPR-Cas components in eukaryotic cells. The Type II CRISPR-Cas systems require only 

a single protein to cleave DNA, Cas9 (Sapranauskas et al., 2011). Cas9 accomplishes target 

cleavage through interaction with a 20 nucleotide guide sequence contained within an 

associated crRNA transcript and a partially-complimentary trans-activating crRNA 

(tracrRNA). This crRNA:tracrRNA complex can be redesigned as a single guide RNA 

(sgRNA) that could supply the needed site recognition and binding information required for 

Cas9. Target cleavage also requires recognition of a sequence on the opposite strand of guide 

pairing called the protospacer adjacent motif (PAM) (Jinek et al., 2012).

In eukaryotic cells, using a human-codon-optimized version of the Streptococcus pyogenes 
Cas9 (SpCas9) engineered with a nuclear localization signal and an sgRNA targeting the 

human clathrin light chain 1 (CTLA1) gene, they demonstrated site-specific double-strand 

breaks (DSBs) in HEK293T cells (Jinek et al., 2013a). Additional experiments using 

extracts from transfected HEK293T cells suggested that the limiting factor for Cas9 function 

is presence of sgRNA and/or its loading into Cas9 (Jinek et al., 2013a). To increase 

assembly of sgRNA and Cas9, these investigators tested the effect of extending the Cas9-

binding region of the guide RNA by engineering two additional versions of the CLTA1 
sgRNA: one that included an additional four or ten base pairs within the helix where 

interactions between the crRNA and tracrRNA occur and another in which the 3’-end of the 

sgRNA was extended by five nucleotides based on the native sequence of the S. pyogenes 
tracrRNA. Each new CLTA1 sgRNA produced more efficient Cas9 function in HEK293T 

cells than the original (Jinek et al., 2013a).
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Cas9-mediated induction of DSBs often leads to DNA repair via the error-prone mechanism 

of non-homologous end-joining (NHEJ) (Mali et al., 2013a; Cong et al., 2013). Conversion 

to a DNA nickase by engineering an aspartate-to-alanine substitution (D10A) within the 

RuvC I domain of the SpCas9 protein improves specificity in mammalian cells (Mali et al., 

2013a; Cong et al., 2013). Nicked DNA is typically repaired precisely via single-stranded 

base repair (SSBR) mechanisms (Davis and Maizels, 2014) or by homology-directed repair 

(HDR). Using this approach along with co-delivery of a DNA homology repair template, 

researchers can introduce targeted genomic insertions (Mali et al., 2013a; Cong et al., 2013). 

Together, these innovative studies paved the way for a new field of genome editing; which 

when combined with the use of patient-specific induced pluripotent stem cells, have great 

implications for translational research.

2.4. Improving CRISPR-Cas for greater specificity

2.4.1. Orthologs of Streptococcus pyogenes Cas9—Given the initial success of 

CRISPR-Cas9-mediated genome editing in human cells, the natural progression of 

investigation for many scientists, particularly with respect to clinical translatability, was a 

move towards genome editing in vivo. The potential advantages of correcting a mutation in 

the affected cells, while leaving the gene’s regulatory sequences completely intact, are 

enormous. However, in addition to requiring exquisite precision, for CRISPR based genome 

editing to be useful in vivo, an efficient delivery system would likely be needed. One 

potential avenue would be to use adeno-associated viral vectors, which have been 

successfully employed for gene augmentation based treatment of a variety of disorders 

(Ghazi et al., 2016; H. Jiang et al., 2006; Kay et al., 2000; Maguire et al., 2008; Mendell et 

al., 2015; Mueller et al., 2017; Smith et al., 2017; Wagner et al., 1998; Worgall et al., 2008). 

The carrying capacity of AAV is limited to approximately 4.9 kilobases (Dong et al., 1996). 

Cargo of up to 5.2 kb in length have been packaged, however, the packaging efficiency 

decreases precipitously with insert size (Grieger and Samulski, 2005). Packaging SpCas9 

(4.2 kilobases) and a sgRNA (under control of a promoter) in the same vector would be 

inefficient and studies to date have employed dual vector AAV-CRISPR-SpCas9 systems to 

achieve in vivo delivery (Xionggao Huang et al., 2017; Hung et al., 2016; Ruan et al., 2017; 

Swiech et al., 2015). To this end, investigators employed smaller, alternative CRISPR 

effector proteins orthologous to SpCas9 (E. Kim et al., 2017; Ran et al., 2015), several of 

which are discussed in Table 1 below.

Staphylococcus aureus Cas9: Staphylococcus aureus Cas9 (SaCas9) targets sequences 

between 21 and 24 base pairs in length, but also requires a six nucleotide protospacer 

adjacent motif (PAM site) consisting of 3’ NNGRRT directly downstream of the guide 

sequence (where N indicates any nucleotide and R indicates the purine nucleotides A or G). 

SaCas9 has displayed similar gene targeting efficiencies and increased specificity when 

compared side-by-side with SpCas9 (Ran et al., 2015). The requirement for a longer PAM 

sequence, which is likely to account for its increased specificity, results in fewer compatible 

putative target sites throughout the genome, which could limit its utility (Cebrian-Serrano 

and Davies, 2017). However, the shorter size of SaCas9 cDNA (~1 kilobase) makes it more 

amenable for packaging into AAV and has been shown to mediate editing in vivo in both 

Burnight et al. Page 5

Prog Retin Eye Res. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice (Ran et al., 2015) and pigs (Burnight et al., 2017) and ex vivo in hematopoietic stem 

cells (Ye et al., 2016) via AAV-mediated delivery.

Cas12a (Cpf1): Cpf1, more recently re-named Cas12a (Shmakov et al., 2015), is another 

Type II CRISPR effector protein in bacteria that has three key differences from other Cas9 

systems; 1) Cas12a is structurally distinct from Cas9 proteins and can bind target DNA 

through a Cas12a:crRNA complex and does not require a tracrRNA (Zetsche et al., 2015); 2) 

Cas12a:crRNA complexes recognize a 5’ T-rich (TTTV where V indicates A, C, or G 

nucleotides) PAM site upstream of the target sequence, unlike the 3’ G-rich PAM sites 

utilized by Cas9 systems that lie downstream of the target sequence (Zetsche et al., 2015); 

and 3) as opposed to Cas9-generated blunt ends, Cas12a cleaves target DNA via a staggered 

DSB leaving a 4 or 5 nucleotide 5’ overhang (Fonfara et al., 2016; Zetsche et al., 2015), 

which may allow for directional insertion of donor DNA into the genome via the more 

efficient NHEJ than HDR-mediated mechanisms that are particularly challenging in 

terminally differentiated, non-dividing cells (Zetsche et al., 2015).

Streptococcus thermophilus Cas9: To date, two Streptococcus thermophiles Cas9s 

(StCas9s) have been modified and tested for genomic modification in mammalian cells: 

St1Cas9 from the CRISPR1 locus (Cong et al., 2013) and St3Cas9 from the CRISPR3 locus 

(Xu et al., 2015). Side-by-side comparison of St1Cas9 with SpCas9 and SaCas9 showed 

successful modification in human cells, but a lower level of overall activity (Ran et al., 

2015). Experiments comparing St1Cas9, St3Cas9 and SpCas9 showed robust cleavage 

efficiencies for each in human cells and that off-target mutagenesis was lower in cells treated 

with either St1Cas9 or St3Cas9 compared to SpCas9 (Müller et al., 2016). Similar to 

observations in cells treated with SaCas9, this increased specificity may be due to the need 

for more complex PAM sites for St1Cas9 (NNAGAAW where W indicates A or T 

nucleotides) and St3Cas9 (NGGNG).

Additional Cas9 orthologs: In addition to those described above, Cas9 orthologs have been 

identified in Neisseria meningitidis (NmCas) (Q. Zhang et al., 2013), Francisella novicida 
(FnCas9) (Sampson and Weiss, 2013) and Campylobacter jejuni (CjCas9) (E. Kim et al., 

2017). Like SaCas9, NmCas9 recognizes a more stringent PAM sequence (NNNNGATT), is 

smaller than SpCas9 (Cebrian-Serrano and Davies, 2017) and has been shown to induce 

HDR in human cells (Esvelt et al., 2013; Hou et al., 2013). Likewise, CjCas9 recognizes 

more complex PAM sequences (NNNNACAC or NNNNRYAC) and is more specific than 

SpCas9 and SaCas9 (E. Kim et al., 2017). FnCas9 is the largest of the Cas9 orthologs 

described to date; it has not been shown to induce modification in mammalian cells, however 

was successful following microinjection of mouse zygotes (H. Hirano et al., 2016). For a 

more extensive analysis of Cas9 orthologs, please see the comprehensive review by Cebrian-

Serrano and Davies (Cebrian-Serrano and Davies, 2017).

2.5. Biological applications of the CRISPR-Cas system

As indicated above, since discovering that the CRISPR-Cas system could be used to modify 

the genome of mammalian cells, a myriad of genome editing experiments have been 

performed. Numerous studies have now described how the CRISPR-Cas system can be used 
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to 1) delete an existing gene (Buchrieser et al., 2017; P. Wang et al., 2015), 2) drive 

expression of a mutant gene product (Yumlu et al., 2017; J.-P. Zhang et al., 2017), or 3) 

increase or decrease host gene expression (Heman-Ackah et al., 2016).

2.5.1. Targeted gene correction—One of the most widely used applications of the 

CRISPR-Cas technology has been targeted gene correction. Depending on the mutation, 

CRISPR-Cas-induced DSBs are predominantly repaired via either NHEJ or homology-

dependent repair. If the mutation occurs deep within intronic sequence, a single guide or pair 

of guides can direct Cas mediated cleavage near or surrounding the mutation which, via 

NHEJ, can remove the mutant sequence and restore normal gene function (Burnight et al., 

2017; Iyombe-Engembe et al., 2016; Ouellet et al., 2017). This process is efficient in that it 

does not rely on the rate-limiting step of homology-dependent repair. Additionally, 

employing Cas-induced NHEJ to disrupt the reading frame of a gene or allele that carries a 

dominant-negative gain-of-function mutation can potentially prevent mutation induced 

disease progression (Bakondi et al., 2016; Burnight et al., 2017; Monteys et al., 2017; Shin 

et al., 2016; Yamamoto et al., 2017). However, if the mutation lies close to or within exonic 

space (i.e., sequence that includes a splice donor or acceptor site), homologous dependent 

repair, which relies on co-delivery of CRISPR-Cas with wild-type (i.e., unmutated DNA 

sequence) homologous donor sequence, will likely be needed (Burnight et al., 2017; 

Xiaosong Huang et al., 2015; J.-P. Zhang et al., 2017).

2.5.2. Regulation of gene expression—To modulate levels of gene expression, 

various groups have taken advantage of knowledge gained from elucidation of the crystal 

structure of S. pyogenes Cas9, which revealed two nuclease domains, RuvC and HNH, that 

cleave the non-complementary and complementary target DNA strands, respectively. 

Mutating a single amino acid in each of the RuvC (D10A) and HNH (H840A) domains 

creates a catalytically inactive Cas9 (hereafter referred to as dCas9) (Anders et al., 2014; 

Jinek et al., 2014; Nishimasu et al., 2014). The dCas9 protein lacks the exonuclease function 

of the Cas protein while retaining its binding properties to DNA-RNA hybrids. When fused 

to a transcriptional activator domain and co-expressed with a guide or guides, the CRISPR-

dCas9 recruits transcriptional agonists to promoters to increase expression of target genes 

(CRISPRa). Alternatively, dCas9-repressor fusions interfere with transcriptional elongation, 

RNA polymerase or transcription factor binding (CRISPRi) (Cheng et al., 2013; Gilbert et 

al., 2013; Kearns et al., 2014; Maeder et al., 2013), which could be used to knock down gene 

expression. For instance, when fused to a human codon-optimized dCas9 from S. pyogenes, 
the repressive chromatin modifier domains Kruppel-associated box (KRAB), chromo 

shadow (CS) or the Trp-Arg-Pro-Trp (WRPW) motif specifically represses target protein 

expression (Gilbert et al., 2013).

Similar gene repression strategies have been reported using dCas9-VPR (Heman-Ackah et 

al., 2016), doxycycline-inducible dCas9 fused to a KRAB repression domain (Mandegar et 

al., 2016), CRISPRi and CRISPRa systems (Mandegar et al., 2016). Repression has been 

reported to be most effective when sgRNAs are targeted to enhancers, proximal promoters, 

and the coding region downstream from the transcription start site (Du and Qi, 2016). These 

strategies may be useful for modulating disease progression in dominantly inherited forms 
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of disease such as retinitis pigmentosa (RP). For instance, the single nucleotide 

polymorphism rs7984 occurs 93 bp upstream of the Pro23His mutation in the RHO gene 

(Burnight et al., 2017), one of the most common disease-causing variants in Rhodopsin-
associated retinal degeneration (Hartong et al., 2009; Stone et al., 2017). This mutation 

occurs near a PAM site and is only 69 bp downstream of the TSS and thus could be used to 

selectively-target and knockdown expression of the disease-causing allele. Specific 

application of this technology to retinal diseases is discussed in section 4 below.

2.6. Specificity of CRISPR-Cas9-mediated editing in mammalian cells

CRISPR-Cas9 holds great potential for treating inherited eye disease; however development 

of precise reagents that specifically target the desired locus while inducing minimal off 

target modifications is an important step toward moving genome editing into the clinic. The 

generation of Cas9 variants with increased specificity addresses off-targeting issues. As 

indicated above, when combined with paired, offset sgRNAs complementary to opposite 

strands of the target site, a Cas9 mutant carrying a D10A variation in the RuvC nuclease 

domain of S. pyogenes Cas9 nicks both strands of DNA in a manner similar to that of 

dimeric zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases 

(TALENs) (Gasiunas et al., 2012; Jinek et al., 2012; Cong et al., 2013). This paired nicking 

strategy reduced off-target activity by 50–1000 fold in human cells (Ran et al., 2013a). 

Structure-guided protein engineering improves the specificity of SpCas9 (Kleinstiver et al., 

2016; Slaymaker et al., 2016; Chen et al., 2017). By interfereing with the target DNA-Cas9 

contacts via amino acid substitutions, engineered Cas9 variants significantly reduce off-

target mutations and increase target locus specificity. Disruption of the connections at N497, 

R661, Q695, and Q926 (referred to as SpCas9-HF1) relaxed the non-specific interaction 

between target DNA and SpCas9 (Kleinstiver et al., 2016). Two mutants, 1) one carrying a 

single alanine substitution [SpCas9 (K855A)] and 2) one carrying three alanine substitutions 

[eSpCas9(1.1); K848A/K1003A/K1060A] were evaluated for genome-wide specificity using 

BLESS (discussed further below in section 2.7.1.). Both mutants significantly reduced off-

target indel formation compared to WT SpCas9. Moreover, no new off-target sites were 

generated (Slaymaker et al., 2016).

Evaluation of the activity of SpCas9-HF and eSpCas9(1.1) mutants with alanine 

substitutions at conserved residues near the RNA-DNA interface revealed that both 

eSpCas9-HF1 and epSpCas9(1.1) are trapped in an inactive state when bound to mismatched 

targets (Chen et al., 2017). sgRNAs with single mismatches against the human FANCF gene 

and a quadruple mutant (N692A/M694A/Q695A/H698A, referred to as HypaCas9) 

demonstrated greatly reduced cleavage activity at each sgRNA nucleotide compared to WT 

SpCas9 and both SpCas9-HF1 and eSpCas9(1.1). Off-target cleavage from three sgRNAs 

previously shown to exhibit substantial off-target activity and three previously 

uncharacterized sgRNAs with a moderate number of in silico sites predicted was evaluated. 

All three mutants (SpCas9-HF1, eSpCas9(1.1), and HypaCas9) demonstrated at least an 8-

fold reduction in off-target cleavage at five of the six sites compared to WT SpCas9 (Chen et 

al., 2017). These experiments demonstrate enhanced specificity extending beyond the 

previously demonstrated PAM-proximal seed regions of the sgRNA sequence when 

employing the HypaCas9 nuclease. Reducing the interaction between non-target strand DNA 
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and Cas9 could be a valuable strategy to improve the safety of this system in therapeutic 

applications.

In addition to engineering the Cas9 nuclease to improve specificity, guide sequences have 

also been modified. Truncated guide RNAs (trugRNAs) reduce off-target cleavage by as 

much as 5000-fold. By combining the trugRNAs with Cas9n, unintended genomic 

modification can be further reduced (Fu et al., 2014). The investigators hypothesized that by 

decreasing the sgRNA-DNA interface, off-target DSB induction would be reduced (Fu et al., 

2014). As mismatches are tolerated at the 5’ end of the guide sequence (Hsu et al., 2013), 

the authors reasoned that the removal of 5’ nucleotides would not be detrimental to on-target 

activity (Fu et al., 2014). When testing a range of guide lengths (15, 17, 19, and 20 nt) in 

EGFP reporter assays, the group demonstrated that sgRNA lengths of 17–18 nt cleaved as 

efficiently as matched full-length control sgRNAs (Fu et al., 2014). When the investigators 

combined the trugRNAs with the Cas9n nickase approach, deep sequencing to determine 

mutation frequencies revealed that off-target mutation rates dropped below the detection 

limit while the on-target cleavage remained comparable to full-length sgRNA controls (Fu et 

al., 2014). Taken together, these experiments highlight the improved specificity of 

trugRNAs, especially when combined with the Cas9 nickase approach.

2.6.1. Engineering alternate PAM recognition sites—Though CRISPR-Cas9 is a 

versatile and tractable system for gene editing, targeting is limited by the availability of 

specific PAM sites (i.e., sequences required for Cas9 recognition of target DNA) (Leenay 

and Beisel, 2017). The widely used S. pyogenes Cas9 nuclease primarily requires the NGG 

triplet immediately distal to the guide sequence (Jinek et al., 2012), which occurs on average 

every eight base pairs in the human genome (Gasiunas and Siksnys, 2013). However, some 

genomic loci carry a paucity of GC nucleotides making targeting these areas difficult. 

Engineered Cas9 nucleases with altered PAM sequence requirements address this constraint 

(Anders et al., 2016; S. Hirano et al., 2016; Kleinstiver et al., 2015). For instance, mutation 

of the SpCas9 PAM-interacting domain (Anders et al., 2014; Gasiunas et al., 2012; F. Jiang 

et al., 2015; Jinek et al., 2014; 2012; Nishimasu et al., 2014) and subsequent bacterial 

selection against an NGA PAM target site revealed two variants demonstrating the greatest 

discrimination between the NGA and NGG PAMs: D1135V/R1335Q/T1337R and D1135E/

R1335Q/T1337R (Kleinstiver et al., 2015). Further characterization of PAM site specificity 

for these two variants – referred to as VQR and EQR, respectively – revealed that the VQR 

variant preferred NGAG and NGCG PAMs while the EQR variant was specific for NGAG 

sequences only (Kleinstiver et al., 2015). When the researchers extended their studies to 

select against the NGC PAM sequence, they demonstrated that a variant carrying four 

substitutions (D1135V/G1218R/R1335E/T1337R – referred to as VRER) was highly-

specific for NGCG PAMs (Kleinstiver et al., 2015). Testing their activities in human cells 

against endogenous genes demonstrated that the VQR variant modified sites carrying NGA 

PAMs with a frequency of 6–53% (Kleinstiver et al., 2015). The VRER variant displayed 5–

36% modification at endogenous human sites with NGCG PAMs (Kleinstiver et al., 2015).

Recently, a unique approach to expanding genome coverage of CRISPR-Cas targeting in 

mammalian cells (termed “proxy-CRISPR”) was reported (Chen et al., 2017). The type II-B 

Cas9 derived from Francisella novicida (FnCas9) has higher specificity than SpCas9, 
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however, it is not active at many genomic loci in human cells. It was proposed that certain 

chromatin contexts inhibited FnCas9 access, thus attenuating its activity at certain loci 

(Chen et al., 2017). To that end, the catalytically dead SpCas9 (SpdCas9), was targeted to 

sites proximal to the FnCas9 targets previously inhibited. The researchers demonstrated that 

SpdCas9 binding at one proximal site enabled increased FnCas9 cleavage considerably at 

the POR locus (10–11% indels versus 0% with FnCas9 alone). SpdCas9 binding at two 

proximal sites further improved FnCas9 function (28% indels). Similar increases in SpCas9 

activity were observed when Chen et al. reversed the roles of the two CRISPR-Cas systems 

by employing proximal binding of catalytically dead FnCas9 (FndCas9). The reverse 

strategy revealed an increase from 0.7 to 11% indels induced by SpCas9 at the POR target. 

Further investigation indicated that the optimal distance between proximal dCas9 binding 

sites and the cleavage target ranges between 7 and 50 nucleotides (Chen et al., 2017). 

Because chromatin structure varies between cell types it will be important to evaluate the 

distance between binding sites in several cell types including pluripotent stem cells.

2.7. Off-target detection

As indicated above, for the CRISPR-Cas system to be useful for clinical applications, 

editing at unintended or off-target loci across the genome must be evaluated. Several 

different methods for evaluating post-CRISPR off target events have been devised and range 

from bioinformatic analysis to whole genome sequencing. Below are some of the most 

promising techniques used to date.

2.7.1. Cell-based methods to evaluate off-target cleavage—Genome-wide, 

unbiased identification of DSBs enabled by sequencing (GUIDE-seq) (Tsai et al., 2014) is a 

procedure that employs the capture of double-stranded oligodeoxynucleotides within 

sgRNA-guided nuclease cleavage to provide evaluation of genome-wide cleavage in situ. 

Following CRISPR-Cas treatment, tagged double-stranded oligos are delivered and inserted 

into DSBs. Tagged loci are identified via Next Generation Sequencing (NGS). Application 

of 13 guides in two human cell lines – U2OS and HEK293 – demonstrated a wide variety of 

off-target cleavage sites for each guide (ranging from zero to greater than 150 sites) (Tsai et 

al., 2016). In addition to the previously identified off-target sites for four of the guides, the 

data also revealed many previously unknown off-target loci distributed among exons, 

introns, and non-coding intergenic regions. Extending the analysis quantitatively identified 

the contributions of different variables (number, location, and type of mismatches to on-

target sequence, PAM density, expression level, and genomic feature) to the variability of 

off-target cleavage sites. The investigators determined that off-target sites harbored as many 

as six mismatches (Tsai et al., 2016). Mismatches were better tolerated when positioned 

one-four base pairs distal to the PAM compared to those five-eight base pairs away (Tsai et 

al., 2016). Overall, the factors contributing the most to off-target site variability were the 

number, location within the guide sequence, and type of mismatch. Notably, the researchers 

observed positive linear correlations between the number of off-target mutations discovered 

and the indel mutation frequencies (Tsai et al., 2016). Direct comparison of data produced 

via GUIDE-seq to in silico off-target predictions generated by the MIT CRISPR Design Tool 

(Ran et al., 2013b) and the E-CRISPR software (Heigwer et al., 2014) indicated that the 

majority of sites recovered via GUIDE-seq were missed by the computational approaches 
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(Tsai et al., 2016). Many of the missed sites harbored more than three or four mismatches, 

thus they were not considered by the E-CRISPR or MIT programs, respectively. To assist in 

data analysis using this method, a streamlined open-source software called the Python 

package (Tsai et al., 2016) and a Bioconductor package in R (Zhu et al., 2017) were 

developed and made available.

Another genome-wide in situ approach to map off-target cleavage at nucleotide resolution 

utilizes ligation of a biotin-labeled linker to DSBs followed by streptavidin enrichment and 

NGS analysis. This method is called breaks labeling, enrichment on streptavidin, and next-

generation sequencing (BLESS) (Crosetto et al., 2013). Following nuclease-mediated DSB 

induction, biotin-labeled proximal linkers are ligated in situ, gDNA is extracted, fragmented, 

and captured on streptavidin beads. Free ends are ligated to a second linker and fragments 

released by digestion with I-SceI. Released fragments are amplified by PCR using linker-

specific primers and sequenced. Genome-wide targeting specificity of SaCas9 following in 
vivo delivery of an AAV vector expressing Pcsk9-specific guides and SaCas9 into murine 

liver was assessed using this method (Ran et al., 2015). Targeted deep sequencing analysis 

of candidate off-target sites identified by BLESS did not demonstrate significant frequencies 

of indels in liver tissue (n = 3 animals) as assessed four weeks post-injection (2 × 1011 

genome copies) (Ran et al., 2015).

An alternative to both GUIDE-seq and BLESS is the Breaks Labeling In Situ and 

Sequencing (BLISS) method (Yan et al., 2017). This approach enables direct labeling of 

CRISPR-Cas-induced DSBs in paraformaldehyde-fixed cells or tissues and on solid 

surfaces. BLISS can accommodate low-input samples via linear amplification of the labeled 

DSBs by in vitro transcription. DSB frequencies can be quantified through unique sample 

barcodes introduced in the amplification step. Next generation sequencing facilitates 

scalability and multiplexing. Comparison of BLISS to other genome-wide DSB assessment 

approaches (targeted next generation sequencing, BLESS, GUIDE-seq, and Digenome-seq) 

at two previously characterized loci (EMX1 and VEGFA) demonstrated that in addition to 

many of the same SpCas9-mediated off-target cleavage events recovered with the other 

methods, BLISS detected four and 27 new sites not found with the BLESS method 

evaluating EMX1 and VEGFA, respectively (Yan et al., 2017). Comparison with GUIDE-

seq and Digenome-seq revealed fewer total novel off-targets (Yan et al., 2017). BLISS 

recovered fewer off-targets sites for the type V CpfI nucleases from Acidaminococcus sp. 

(AsCpfI) and Lachnospiraceae bacterium (LbCpfI) when compared to the number recovered 

from SpCas9 indicating CpfI cleaves with greater specificity than SpCas9 (Yan et al., 2017).

Many of the important studies evaluating CRISPR-Cas9-induced off-target cleavage are 

performed in immortalized cell lines. While this is an important initial step in determining 

safety and efficacy of this powerful technology, these cells are not particularly well-suited to 

disease modeling and therapeutic applications as prolonged culture can result in 

chromosomal aberrations and malignant phenotypes (Erez et al., 2003; Hurlin et al., 1991). 

Moreover, when evaluating safety in patient-derived cells, it is important to distinguish 

between variations due to the nuclease treatment and those occurring from the 

reprogramming process itself. To address this limitation, whole genome sequencing (WGS) 

was performed at 60X coverage in ten human pluripotent stem cell clones, six of which were 
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generated with CRISPR-Cas9 genome editing (Veres et al., 2014). Three of the hPSC clones 

were treated with CRISPR-Cas9 targeting SORT1; an additional three clones were treated 

with CRISPR-Cas9 directed towards LINC00116. In each cohort, one clone carried the wild-

type allele and two clones carried indels at the respective loci (Veres et al., 2014). The 

investigators identified a total of 24 off-target indels across the six CRISPR-treated clones as 

compared to the parental cell pool, only one of which occurred within the coding sequence 

of a gene (ZDHHC11) or expressed sequence of annotated non-coding RNA (Veres et al., 

2014). None of the indels were within 100 nucleotides of predicted off-target sites based on 

sequence similarity (Veres et al., 2014), which suggests that the majority of variations 

between CRISPR-treated and parental clones are not caused by off-target cleavage, but 

rather reflect the reprogramming and expansion process (Gore et al., 2011; Hussein et al., 

2011).

2.7.2. Cell-free off-target detection—In contrast to the previously discussed off-target 

detection methods, the Digenome-seq (digested genome sequencing) and circularization for 

in vitro reporting of cleavage effects by sequencing (CIRCLE-seq) approaches rely on WGS 

of cell-free genomic DNA digested in vitro using CRISPR-Cas9 (D. Kim et al., 2015; 2016; 

Tsai et al., 2017). Digenome-seq digests produce identical 5’ ends that align vertically at the 

cleavage site of a given guide RNA. Evaluation of two guides previously shown to induce 

off-target cleavage at high frequencies demonstrates Digenome-seq reproducibly detects off-

target cleavage when frequencies are as low as 0.1% (D. Kim et al., 2015).

The most recently developed method for detection of off-target effects following CRISPR-

Cas9 treatment is CIRCLE-seq (Tsai et al., 2017). Following in vitro digestion, adaptor 

ligation, and PCR amplification of sheard and recircularized DNA molecules containing 

Cas9 cleavage sites, off-target sites are sequenced with paired-end deep sequencing in a 

genome-wide manner. The nuclease-cleaved sequence reads were recovered with an 

estimated 180,000-fold enrichment rate relative to random background using gDNA from 

HBB-targeted K562 cells. Comparison to other cell-based off-target detection methods 

indicated many more off-target cleavage loci were recovered with CIRCLE-seq (Tsai et al., 

2017). In some cases, one to three sites previously identified by the other methods were not 

recovered, however, upon repetition or sequencing with greater depth these discrepancies 

were accounted for (Tsai et al., 2017). A previous study employing WGS of CRISPR-Cas9-

treated human iPSCs revealed a high-frequency off-target sites generated by a single 

nucleotide variation (L. Yang et al., 2014). Comparison of off-target events generated by six 

previously characterized sgRNAs in two cell lines, U2OS and HEK293 revealed a number of 

sites preferentially cleaved in one cell type over the other a subset of which carried non-

reference sequence variants. These studies highlight the need for taking genetic background 

into account when assessing CRISPR-Cas9 modification in patient cells (Tsai et al., 2017; L. 

Yang et al., 2014).

The studies outlined in this section demonstrate the vast array of methods developed to 

address the important challenge of off-target cleavage detection in CRISPR-Cas treated cells 

and tissues. Several algorithms generated can predict potential sites, however, it is important 

to complement these assessments with unbiased evaluation of off-target cleavage in the 

intended cell types. In this regard, uncovering these events in patient-derived iPSCs prior to 
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transplantation will be relatively straightforward, especially if employing whole genome 

sequencing for example. Regardless of the method selected, in vivo analysis of off-target 

cleavage still presents a challenge that warrants further study.

3. CRISPR delivery methods

Multiple approaches have been used to successfully deliver the CRISPR-Cas9 components 

to a cell. A thoughtful consideration is necessary to determine which approach is appropriate 

for the cell type of interest and the experimental design. Below we will discuss the different 

methods for CRISPR genome editing and the components that comprise the CRISPR-Cas 

system, as well as design consideration for HDR at a locus of interest.

3.1. In vitro delivery

3.1.1. Chemical transfections—Chemical transfections utilize lipid-based reagents or 

cationic polymers to effectively deliver DNA, RNA, and/or proteins to the nucleus of 

actively dividing cells. Although these reagents were very efficient for delivery of DNA to 

stably transformed cell lines historically, they suffered from poor efficiencies when treating 

stem cells, which limited their use (Tsvetanova et al., 2011). However, in our experience, 

recent products such as the Lipofectamine Stem Transfection Reagent have high transfection 

efficiencies (>50%) and low cellular toxicity (Enzmann et al., 1998). The advantage of 

chemical transfections is that no expensive instrumentation is needed and the protocols are 

straightforward.

3.1.2. Electroporation—Another common method for delivery of genome editing 

reagents to mammalian cells is electroporation. This technique utilizes a pulse(s) of high 

voltage to cause pore formation and membrane depolarization, which creates a gradient for 

DNA to enter the cell (Tsvetanova et al., 2011). Efficient transfections are possible, but 

electroporation of stem cells often results in a high level of cell death (Mohr et al., 2006). 

Also, specialized instrumentation, such as the NEON transfection system or Lonza’s 

Nucleofector, are required. While the Nucleofector has fixed settings and requires unique 

reagents for each cell type, the NEON transfection system allows for optimization using a 

single reagent for multiple cell types (Brees and Fransen, 2014).

3.2. In vivo retinal cell delivery

3.2.1. Viral delivery—Adeno-associated virus-mediated delivery systems have shown 

promise for delivery of CRISPR-Cas9 reagents (Ishizu et al., 2017; Ran et al., 2015; Refaey 

et al., 2017; Y. Yang et al., 2016). Recombinant AAV vectors persist mainly as episomes and 

are capable of transducing post-mitotic cells (Afione et al., 1996), and are already being 

used in clinical trials for gene replacement therapy in the retina (Bainbridge et al., 2008; 

Russell et al., 2017; Weleber et al., 2016). Multiple AAV serotypes present a broad viral 

tropism in vivo. For example, as shown in Figure 2 and described elsewhere (Auricchio et 

al., 2001; Lotery et al., 2003), capsid 5 shows an increased photoreceptor cell restricted 

tropism making it an ideal candidate for in vivo CRISPR based strategies targeting 

photoreceptor cells. For targeting inner retinal neurons and/or retinal ganglion cells in 

addition to photoreceptors, capsids 4 or 6 may be more appropriate (Figure 2). Yet, as 
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indicated above AAVs have a relatively small packaging capacity (i.e., ~4.9 kb (Dong et al., 

1996)), which limits the size and number of sequences that can be incorporated into a single 

virus (Ran et al., 2015). Moreover, DNA repair is highly regulated resulting in peak HR 

efficiencies between late S2 and early G2 phase making HR less efficient in post-mitotic 

cells (Su et al., 2015). Given the limited insert size and the predictably low HR correction 

efficiency, initial translational studies will likely be restricted to gene-knockout strategies 

(Burnight et al., 2017).

3.2.2. Nanomaterials for targeted delivery of CRISPR-Cas9—An alternative 

approach to viral vector mediated gene delivery is the use of engineered nanotechnologies 

for targeted gene delivery. Vectors of this type are composed of various materials including 

lipid, protein, and peptide-based nanoparticles and graphene nanotubes, as well as inorganic 

nanoparticles/polymers (Riley and Vermerris, 2017). These materials are often tunable and 

can be designed to overcome the challenge of viral vector-induced immunogenicity and 

payload limits (Iijima, 1991; Nayak and Herzog, 2010). For individuals diagnosed with 

inherited retinal disease, nanoparticle delivery systems that enable efficient retinal gene 

delivery (Adijanto and Naash, 2015), may prove to be a useful for in vivo CRISPR-Cas9 

genome editing. These materials offer a safe vehicle, which prevents degradation of the 

CRISR-Cas9 system and a targeting ligand, which imparts tissue specificity (Zhen et al., 

2017). For instance, recent studies have shown that AS1411, a G-quartet aptamer (i.e., a 29 

base, single stranded DNA molecule), is capable of targeting protein cargoes into retinal 

cells in vivo (Leaderer et al., 2016) and as such may be useful for evaluating CRISPR 

mediated gene knockout.

4. Developing a CRISPR-Cas9 based strategy for retinal genome editing

For successful genome editing of retinal neurons, the Cas9 gene and a single guide RNA 

(sgRNA) must be delivered to the cell of interest using one of the approaches indicated 

above. These components can be delivered as either 1) plasmid DNA or 2) 

ribonucleoproteins (RNP).

1) Plasmid DNA

A typical CRISPR-Cas9 plasmid consists of two main expression cassettes: the RNA Pol III 

promoter (U6) driving expression of a chimeric, single small guide RNA (sgRNA) and a 

constitutive RNA Pol II promoter driving the expression of the Cas9 gene. Importantly, the 

5’ 17–23 nucleotides within the sgRNA can be modified allowing for targeting of specific 

regions in the genome (Cong et al., 2013; Ran et al., 2013b).

2) Ribonucleoprotien (RNP)

The combination of protein and RNA constitutes a functional ribonucleoprotien or RNP. 

SgRNA transcripts can be generated via in vitro transcription or commercially ordered. 

Recombinant Cas9 protein is also commercially available. RNPs have two major advantages 

over plasmid based systems, 1) since no transcription or translation is necessary, the onset of 

action is immediate, and 2) their effects are transient compared to plasmid DNA, which can 
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persist over multiple cell passages. As such for clinical applications this approach may be 

desirable.

4.1. Bioinformatic tools for sgRNA design

The next step in developing an effective CRISPR based genome editing strategy is to build 

sgRNAs designed to selective target the genomic locus of interest. Many free online 

programs have been developed to help researchers identify appropriate guide sequences. 

Some of these tools, such as CRISPOR (http://crispor.org) (Haeussler et al., 2016) and 

benchling.com allow for simultaneous consideration of multiple published algorithms, 

which are designed to assess off-target versus on-target predictions. Due to the drastic 

increase in predicted off-target sites, highly repetitive regions constitute poor sgRNA 

candidates and should be avoided.

4.2. HDR Strategies

As indicated above, in response to DSBs in DNA, genomic repair predominantly occurs 

through either NHEJ or HDR. For meaningful levels of HDR to occur, a donor template with 

homology to the targeted region must be simultaneously delivered with the CRISPR-Cas 

reagents. Both single-stranded oligodeoxynucleotide (ssODN) and double-stranded plasmid 

DNA have been used for this purpose. For SsODNs to be most effective they should be 

designed such that the intended genomic modification is located centrally and the DSB 

occurs within 10 base pairs of intended modification (L. Yang et al., 2013). Due to the fact 

that the length of gene conversion tracts in mammals is commonly less than 60 base pairs 

(Elliott et al., 1998), it has been reported that SsODNs should be designed with at least 40 

base pairs of homology on either side of the target sequence (Ran et al., 2013b). Similarly, 

for plasmid-based constructs, it has been reported that the DSB should occur within 200 

base pairs of the intended modification and homology arms of ~500 base pairs should be 

included (Byrne and Church, 2015). Due to the infancy of genome editing technology, most 

design considerations are based on experimental observation of a small sample sizes. As 

such, there is likely flexibility in the distance from DSB and intended genome modification 

as well as the required length of homology arms depending on the efficiency of correction at 

the locus of interest. In plasmid-based systems, drug resistance cassettes can be placed 

between the left and right homology arms allowing for subsequent post-modification 

selection (Enzmann et al., 1998). This approach is especially useful when developing 

genetically corrected clonal cell populations (i.e., excluding random plasmid integration, if 

the intended genomic modification is placed between the DSB and the drug resistance 

cassette, drug selection will result in the survival of only genetically corrected clones).

5. The CRISPR System In Vivo

As knowledge pertaining to the CRISPR-Cas9 technology continues to advance, our ability 

to accomplish genome editing in vivo in a wide variety of tissues for various applications 

will continue to improve. Genome editing in vivo provides the advantage of studying a 

physiological process or disease phenotype in the native tissue environment. Furthermore, in 
vivo work allows us to ask temporal questions relating to a gene or mutation, for example, 

we can study a given gene’s involvement at a specific point during development or the role 
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of a specific genetic sequence in the development or amelioration of a disease. In vivo 
genome editing also allows for the investigation of cell-autonomous and non-cell-

autonomous effects of specific disease-associated variants or changes in protein function. As 

discussed in detail below, few major challenges still exist before CRISPR-Cas9-based 

genome editing will be used to treat human disease in vivo, including preventing a patient’s 

immune response to CRISPR reagents, exogenous DNA or viral vectors, achieving tissue or 

cell specificity, preventing deleterious off-target modifications and reaching therapeutic 

levels of editing efficiency (i.e., especially if HDR in post-mitotic neurons is desired). Many 

groups have begun to overcome these challenges, and below we will outline the numerous in 
vivo studies that have been successfully conducted to date using animal models.

5.1. In vivo CRISPR-Cas9-mediated genome editing in the eye

As described above, CRISPR is proving to be a relatively facile and precise way to induce 

gene correction (Burnight et al., 2017; Wiley et al., 2015; Yiu et al., 2016). Rapid advances 

in the field, as described in the pre-clinical studies below, lend support to the notion that this 

method of gene editing could soon be used in clinical settings to treat inherited disorders of 

the eye (Tucker et al., 2014). The eye, unlike other tissues has several major advantages for 

testing of cutting edge treatments such as this. Anatomically the eye is a small, 

compartmentalized organ which is easily accessible and can be conveniently monitored 

using minimally invasive, well established techniques such as fundus examination and 

optical coherence tomography (Ochakovski et al., 2017). In addition, being a paired organ, 

one eye can be treated individually and the corresponding eye can be used as a contralateral 

control. As such, any adverse effects that may arise after treatment can be readily detected in 

the eye, treated locally and the trial can be immediately halted without further harm to the 

treated or future patients. For instance, in the unlikely event that a CRISPR induced off 

target modification were to occur in a cancer suppressor gene causing a tumor to be formed, 

the resulting tumor could be detected very early and destroyed via laser ablation prior to it 

inflicting significant harm. In areas outside the eye, like the brain for instance, tumors and 

other untoward events can be very difficult to detect until significant harm has been done.

Inherited eye diseases affect millions of people worldwide and have an immense 

socioeconomic impact (Sheffield and Stone, 2011). Collectively, retinal degenerative 

diseases are caused by the degeneration of retinal photoreceptor cells and treatments are 

currently limited. Ophthalmic genetics has improved tremendously in the last few years, in 

large part due to the advancements in molecular genetic testing technologies and precise 

clinical characterization of inherited retinal diseases (Sheffield and Stone, 2011; Stone et al., 

2017). The ever-improving accuracy in identifying disease-causing mutations has the 

potential to lead to the development of more clinically relevant treatments, which may 

include CRISPR-Cas9 based genetic correction. Several approaches could employ CRISPR 

to treat retinal disease-causing mutations. For example, the mutation and disease causing 

allele itself could be targeted for deletion. Dominant monogenic diseases such as rhodopsin 

associated retinitis pigmentosa or Best disease would be likely candidates for this approach 

(Burnight et al., 2017). Alternatively, the mechanistic pathway known to be associated with 

disease could be targeted (e.g., inhibition of ER-stress via pathway targeting).

Burnight et al. Page 16

Prog Retin Eye Res. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Several studies treating animal models of ocular disease using CRISPR-Cas9 in vivo are 

now emerging. For instance, a study using a rat model of severe retinal dystrophy caused by 

a single dominant point mutation in the rhodopsin gene (S334ter) (Bakondi et al., 2016) 

showed that the mutation could be corrected using delivery by a single subretinal injection 

of a plasmid expressing the sgRNA and electroporation to facilitate plasmid uptake. This 

animal model carries a mutated Rho gene which results in a truncated version of the 

rhodopsin protein, showing a similar phenotype to the human RHO protein misfolding 

mutations, leading to continual photoreceptor loss and blindness (McGill et al., 2012). By 

ablating the disease allele specifically, the phenotype could be corrected (Bakondi et al., 

2016). In a similar series of experiments, we were able to demonstrate that following 

subretinal injection of a single AAV vector carrying SaCas9 and a Pro23His mutant 

rhodopsin specific sgRNA, we could selectively induce in del formation in the disease 

causing allele and in turn prevent translation of the mutant disease causing gene (Burnight et 

al., 2017).

Recently, CRISPR-Cas9 was employed to target the most frequent mutation contributing to 

CEP290-associated Leber congenital amaurosis (LCA), a deep intronic variant in intron 26 

of CEP290 (c.2991+1655 A>G) (Ruan et al., 2017). The intronic mutation (referred to as 

IVS26) creates a splice site that results in inclusion of a cryptic exon and in-frame 

termination codon (Hollander et al., 2006; Perrault et al., 2007). To explore the feasibility of 

in vivo targeted intronic (and thus IVS26) sequence removal, the investigators generated a 

dual AAV system expressing a pair of sgRNAs and the SpCas9 in separate vectors. As 

proof-of-principle, the investigators packaged sgRNA pairs and SpCas9 into AAV5 and co-

injected each vector subretinally into 8–10 week old C57CL/6J mice. Next generation 

sequencing analysis of treated retinas (n=4) four weeks post-injection revealed 7.5% - 26.4% 

of sequences carried genomic deletion of intron 25 sequences. These experiments supported 

the feasibility of targeted genomic deletion in murine photoreceptor cells using CRISPR-

Cas9 (Ruan et al., 2017).

An alternative to correction of disease-causing mutations, is employing a CRISPR-Cas-

mediated gene-independent approach. Specifically, as in RP, the loss of cone photoreceptor 

cells is secondary to loss of rod photoreceptor cells, targeting non-disease specifc genes in 

an attempt to preserve rods, even if non-function maybe beneficial. To that end, AAV-based 

CRISPR-Cas9 was recently employed to disrupt the gene Nrl, which is required for 

maintanence of rod cell fate, in postmitotic murine photoreceptors (W. Yu et al., 2017). 

SgRNA- and SpCas9-expressing AAV8 vectors were delivered subretinally to three mouse 

models of retinal degeration each exhibiting an initial phase of rod degeneration followed by 

secondary cone loss (Chang et al., 2007; Lem et al., 1999; T. Li et al., 1996). AAV-Nrl-
CRISPR vectors were administered both prior to and after initiation of rod photoreceptor 

cell death. Importantly, retinae in mice treated at both times with CRISPR-Nrl vectors were 

significantly thicker and demonstrated better cone ERG responses than those of control 

mice, albeit to a lesser extent in mice treated at the later timepoint. These results persisted 

for up to four months of age. Although the translatability of NRL is questionalable, that is in 

humans mutations in this gene cause diseases ranging from recessive enhanced S cone 

syndrome (Littink et al., 2018) to autosomal dominant retinitis pigmentosa (Gao et al., 

2016), the findings do highlight the potential therapeutic benefit of delaying rod 
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photoreceptor cell death and in turn preserving cone photoreceptor cell health and function 

by using a CRISPR-Cas9 based disease gene independent approach (W. Yu et al., 2017).

Other approaches for disease alleviation that could be employed to target known disease 

mechanisms include a recent study in which the authors treated one of the main mechanisms 

associated with age-related macular degeneration (AMD) (K. Kim et al., 2017). As we 

discuss in further detail below, AMD is a multifactorial and complex disease with several 

known genetic risk factors as well as many contributing environmental variables. Wet AMD 

is associated with an increased vascularization caused in part by angiogenic cytokines such 

as VEGFa (Homayouni, 2009; Leung et al., 1989). The most effective treatment currently 

available for wet AMD is intravitreal administration of anti-VEGF agents that work to 

inhibit neovascularization, remove fluid from the retina, and slow disease progression 

(Schmidt-Erfurth et al., 2014; Stone, 2006). CRISPR-Cas9 can be used to locally reduce the 

Vegfa protein expression levels in vivo (K. Kim et al., 2017). When purified Cas9-

ribonuclease proteins and sgRNA targeting the Vegfa gene were delivered subretinally, in 

combination with a transfection reagent, into a mouse model of AMD (laser-induced 

choroidal neovascularization (CNV)) targeted inactivation of Vegfa was specifically detected 

in the RPE, which resulted in a 58% reduction in CNV formation (Schmidt-Erfurth et al., 

2014).

Each of the studies outlined here has advanced its respective field by describing novel gene 

editing systems to study and treat complex diseases in vivo. While these studies collectively 

show the excellent progress of the field in the use of CRISPR-Cas9 technology for treatment 

of retinal disease in vivo, there is still a significant amount of work to be done before this 

technology directly used for clinical applications. In the next section we will discuss the 

challenges toward therapeutic use of CRISPR in vivo.

5.2. Challenges toward therapeutic use of CRISPR-Cas9 in vivo

As indicated above, for patients with inherited retinal degenerative disorders such as retinitis 

pigmentosa who present early in the course of their disease, the CRISPR-Cas9 technology 

could, in theory, provide a viable treatment option for preventing cell dysfunction and death. 

This technology would be especially useful for genes that are too large to be packaged into 

clinically useful vector systems or for disease-causing variants in genes for which 

overexpression from heterologous promoters is known to cause cytotoxicity (Burnight et al., 

2014; Seo et al., 2013). In the latter situation, CRISPR-Cas9 based correction would allow 

the gene to remain under control of the endogenous regulatory elements. Another attractive 

feature is that the coding sequences of the CRISPR-Cas system are small enough to be 

packaged into clinically-approved AAV gene therapy vectors (Friedland et al., 2015; Hung et 

al., 2016; E. Kim et al., 2017; Ran et al., 2015) for in vivo delivery. However, several 

challenges related to both off-target modification and on target efficiency following in vivo 
delivery remain to be solved before moving this technology into the clinic.

As already mentioned, delivery to the intended cell types can be achieved by using one of 

the various AAV serotypes available (Figure 2). For photoreceptor cell specific diseases such 

as retinitis pigmentosa, the levels of gene function and number of cells that need to be 

genetically corrected in order to slow disease progression and retain useful vision have not 
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been well-defined and will likely need to be determined empirically for each gene. Likewise, 

the point in disease course in which the treatment can be administered and have a chance to 

be effective is also currently unknown. Regardless, further studies focused on evaluating 

efficacy and safety of CRISPR-based in vivo treatments are needed. This is critically 

important considering that photoreceptor cells are post-mitotic, which means that AAV 

vectors can persist for months to years after delivery thereby increasing the potential for off-

target cleavage.

A recently published letter to the editor in Nature Methods raised concern that CRISPR-

Cas9 can induce high levels of off-target cleavage in the rd1 mouse model of retinitis 

pigmentosa (Schaefer et al., 2017). In this study, whole genome sequencing demonstrated 

that two CRISPR-Cas9-treated mice had high numbers of single-nucleotide variants (SNV) 

and indels compared to a single control mouse from the same inbred strain, FVB/N. Several 

groups (S.-T. Kim et al., 2017; Lareau et al., 2017; Wilson et al., 2017) quickly criticized 

this study because the on-target site and the sites of off target mutations had very little 

sequence homology and most of the latter lacked a PAM sequence – both of which are at 

odds with the extensive published literature on CRISPR-Cas9’s mechanism of action (Jinek 

et al., 2013b; Mali et al., 2013b; Cong et al., 2013; Sander and Joung, 2014). Concerns were 

also raised about the small number of mice used in the study (one control and two CRISPR-

Cas9-treated mice) and the lack of appropriate controls (Jinek et al., 2013a; Mali et al., 

2013a; Sander and Joung, 2014). Studies of human family trios (both parents and one 

offspring) show that offspring have dozens of new germline mutations that are not present in 

either parent, and closely related individuals will therefore harbor many more shared novel 

mutations (and shared departures from the consensus sequence) than they share with less 

closely related individuals (Conrad et al., 2011). The concern raised about this study was 

that the pattern of variants observed between the 3 mice was most consistent with the 

possibility that the two CRISPR-Cas9-treated mice were in fact genetically more closely 

related to each other than the control mouse (S.-T. Kim et al., 2017; Lareau et al., 2017). In 

other words, it is possible that the mice in the two groups were genetically different before 

CRISPR-Cas9 treatment; and it would therefore seem that more studies are warranted to 

investigate the concerns raised in by the authors. (S.-T. Kim et al., 2017; Lareau et al., 2017; 

Wilson et al., 2017). This controversy also highlights the need for rigorous evaluation of off-

target cleavage events in pre-clinical models before moving forward with therapeutic 

applications in vivo. One alternative to animal models for this purpose would be to pre-

screen CRISPR-Cas reagents for the targeted loci using hIPSC derived retinal cells from the 

patient for whom the treatment is intended. This would allow researchers to test the efficacy 

and safety of CRISPR based treatments prior to being administered in vivo.

In addition to off-target events, a major challenge associated with the effective use of 

CRISPR based genome editing for treatment of retinal degenerative blindness in vivo is the 

relatively low efficiency of on-target editing. Although the in vivo studies reported to date 

have been encouraging, the efficiency of CRISPR induced on-target modifications in 

photoreceptor cells has been quite low. For instance, subretinal injection of an AAV vector 

carrying SaCas9 and a sgRNA targeting mutant rhodopsin induced indel formation at an 

efficiency of approximately 3.9%, which in this case would be well below the therapeutic 

threshold required to prevent disease progression (Burnight et al., 2017). Two important 
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considerations pertaining to on-target efficiency are: 1) the efficiency of the clinical delivery 

method used; and, 2) the efficiency of the CRISPR reagents themselves after delivery. 

Although AAVs are an excellent vehicle for transfer of genomic information to the retina, 

the efficiency of transduction is well below 100%. For instance, as shown in Figure 3 at 1-

week post-infection, less than 50% of the photoreceptor cells targeted with AAV5-GFP (one 

of the most efficient vectors for photoreceptor selective infection in human) were transduced 

(Wiley et al., 2017). In our hands the average NHEJ efficiency obtained in HEK293T cells in 
vitro ranges from ~4% to ~38% (Figure 3). Thus, with current technology one should expect 

no more than 0.2X correction using an AAV-delivered CRISPR-Cas9 therapeutic vector to 

the human retina. This calculation suggests that new strategies will be needed to increase the 

number of transduced photoreceptor cells and on-target correction efficiency, without 

increasing off-target events, before this approach will be helpful for most inherited retinal 

diseases.

6. In vitro applications of CRISPR therapeutics

Although the tractability of the CRISPR-Cas9 system presents many exciting opportunities 

for developing genetic therapies for inherited retinal disease, such as retinitis pigmentosa 

(Burnight et al., 2017) this system is especially well-suited for in vitro applications. In 

particular, the emergence of the CRISPR-Cas9 system has made it possible to efficiently 

correct a patient’s own skin derived iPSCs prior to differentiation, where corrected clones 

can be rigorously screened to ensure that a transient treatment has restored gene function 

without inducing adverse off-target events. This has opened the door for disease modeling of 

rare disorders, regardless of patient ethnicity (i.e. genetically corrected cells from the patient 

can be used as isogenic controls), and autologous cell replacement.

6.1. CRISPR-Cas9-mediated gene editing in Mendelian retinal disease

We recently employed CRISPR-Cas9 genome editing to develop strategies for targeting and 

correction of three major classes of inherited retinal degeneration-causing mutations: 1) 

exonic, 2) deep intronic splice site and 3) dominant gain-of-function mutations (Burnight et 

al., 2017).

1. To demonstrate utility of the CRISPR system for correction of exonic mutations, 

we targeted an exonic Alu-insertion mutation in the MAK gene (the leading 

cause of retinitis pigmentosa in individuals of Jewish ancestry) (Tucker et al., 

2011b). Briefly, guides were designed using the CRISPR Design Tool 

(crispr.mit.edu) and genomic cutting efficiency was evaluated in HEK293T cells 

before employing the most efficient guide (which produced 31% indels) in 

patient-derived iPSCs. We co-delivered a plasmid expressing the guide and the 

human codon-optimized SpCas9 and a plasmid carrying donor repair sequence 

and a puromycin-selection cassette flanked by ~500 bp homology to the MAK 
target locus. Following selection and clonal expansion, we recovered six iPSC 

clones in which one allele was corrected. Expression of MAK transcript and 

protein was restored in one of the six clones.

Burnight et al. Page 20

Prog Retin Eye Res. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://crispr.mit.edu


2. To demonstrate utility of the CRISPR system for correction of intronic non-

coding variants, we targeted the most common mutation contributing to CEP290-
associated Leber congenital amaurosis (LCA), a deep intronic variant that creates 

a cryptic splice site in intron 26 (IVS26) (Hollander et al., 2006). To remove the 

mutation, we employed single- and dual-guide strategies in patient specific 

iPSCs homozygous for the IVS26 disease-causing mutation (Burnight et al., 

2017). We co-delivered plasmids expressing guides and a human codon 

optimized SpCas9 and T2A-GFP tag to facilitate clonal selection. The mutation 

was removed in greater than 50% of clones generated with the dual-guide 

strategy. Importantly, both transcript and protein expression were restored in 

cells treated with the IVS26-targeted CRISPR-Cas9 reagents. We extended these 

studies by employing the smaller S. aureus Cas9 to achieve correction via both 

nucleotide removal via NHEJ and nucleotide correction via homology-dependent 

repair. Upon delivery of a plasmid expressing two guides and the SaCas9 we 

observed an increase in wild-type CEP290 transcript. To achieve gene correction 

via homology-directed repair, we co-delivered a plasmid expressing two guides 

and the SaCas9 and a donor plasmid carrying wild-type sequence and a 

puromycin selection cassette. Following selection and clonal expansion, five of 

twelve puromycin resistant colonies carried correction on at least one allele. RT-

PCR analysis revealed that one clone underwent biallelic correction. Importantly, 

protein expression was restored in five clones following CRISPR-Cas9 

treatment. Collectively, we demonstrated that both single- and dual-guide 

strategies, delivered with either SpCas9 or SaCas9, could be used to remove a 

deep intronic cryptic splice site mutation and restore expression in CEP290-
associated LCA patient-derived iPSCs (Burnight et al., 2017).

3. Finally, to demonstrate utility of the CRISPR system for correction of dominant 

gain of function mutations, we developed an allele-specific CRISPR-Cas9-based 

genome editing strategy, targeting the dominant gain-of-function Pro23His 

mutation in the rhodopsin gene (the most common cause of dominant retinitis 

pigmentosa (Stone et al., 2017)). When we surveyed the locus for available PAM 

sequences, we discovered that the C to A transversion laid within the seed region 

of a S. aureus target which we employed to modify the mutant His allele 

specifically. When compared to a matched control guide targeting the wild type 

Pro allele, we observed a 22-fold decrease in indel formation in cells that only 

carried the Pro allele. In addition, we also evaluated homology-directed repair for 

correction of the Pro23His mutation in patient-derived cells. We delivered a 

donor plasmid carrying wild-type sequence and a puromycin selection cassette 

along with a plasmid expressing a non-allele-specific guide and SpCas9. 

Following selection and clonal expansion, we observed genomic correction in 

five of eleven resistant clones.

In a similar series of experiments, iPSCs generated from a deaf patient with compound 

heterozygous mutations in the gene MYO7A (leading cause of type 1 usher syndrome, 

which causes early onset deafness and later onset retinitis pigmentosa), CRISPR-Cas9 

correction of one allele was achieved through electroporation with a plasmid expressing the 
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sgRNA and human codon-optimized SpCas9 and a 150-bp ssODN. After clonal selection 

and screening, the investigators recovered three of 45 corrected clones (~7%). As this group 

was interested in hearing loss, hair-like cells were generated from both CRISPR corrected 

iPSCs as well as from the asymptomatic parent and an unaffected donor. Corrected iPSCs 

were shown to have restored organization of stereocilia-like protrusions. Likewise, the 

electrophysiological function of the CRISPR corrected cells was restored to levels similar to 

that of control cells (asymptomatic father of patient and unaffected control donor). (Tang et 

al., 2016).

Taken together, these studies illustrate the broad range of mutations that can be genomically 

corrected using both S. pyogenes and S. aureus Cas9 orthologs in patient specific iPSCs 

(Burnight et al., 2017; Tang et al., 2016). It not only demonstrates the utility of the NHEJ 

approach but it also demonstrates the power of the HDR based gene correction strategy 

(using both plasmid and SSODNs) which will be difficult to achieve in post-mitotic neurons 

such as photoreceptor cells in vitro.

6.2. CRISPR-Cas9-mediated gene editing and genetically complex disease

Complex diseases are those that are caused by many contributing factors, often resulting 

from the combined effects of multiple genetic factors, lifestyle, and/or environmental factors 

(eg. heart disease, cancer, and diabetes). The degree of genetic involvement in complex 

diseases is inherently more challenging to identify, therefore the development of effective 

disease treatments is more difficult to accomplish, which often results in a lack of treatment 

options.

Age-related macular degeneration (AMD) is an excellent example of complex disease in the 

eye. AMD is a retinal degenerative disorder in which the ultimate loss of photoreceptor cells 

within the macula results in loss of central vision. Loss of choroidal endothelial cells (CECs) 

and retinal pigment epithelium (RPE) precedes photoreceptor cell loss, making CECs and 

RPE cells the focus of much AMD research (Chirco et al., 2017; Songstad et al., 2015; 

2017). As one of the most common causes of irreversible vision impairment in developed 

countries, AMD affects approximately 11 million people in the United States alone 

(Pennington and Deangelis, 2016; Wong et al., 2014). As the population ages, the prevalence 

of AMD continues to steadily rise; therefore, identifying and understanding the genetic 

contributions to AMD will aid in our understanding of disease pathophysiology and promote 

the development of treatment options for the millions of individuals affected by this disease.

To date, 34 genetic loci have been associated with AMD risk (Fritsche et al., 2016). Among 

these, the strongest genetic associations include: 1) a single nucleotide polymorphism (SNP, 

rs1061170) in the CFH gene, which results in the replacement of a tyrosine with a histidine 

at amino acid 402 (Y402H) of the complement factor H (CFH) protein, and 2) a locus on 

chromosome 10q, which contains a coding region polymorphism and an insertion-deletion 

in the 3’ untranslated region of the gene ARMS2, and a promoter polymorphism and two 

synonymous variants in the first exon of the gene HTRA1. Despite the advances that have 

been made in understand the role of CFH and the 10q locus in AMD pathophysiology, 

surprisingly little is known about how variants in these loci contribute to disease risk.
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Modifying or correcting alleles associated with AMD risk, since these are risk loci and are 

not direct disease-causing variants, may not be worthwhile at this time. However, the ability 

to assess genotype/phenotype relationships in human cells by studying the effects of specific 

mutations or polymorphism in vitro may provide new insight into disease mechanisms and 

uncover important disease-causing variants. With the advent of CRISPR-Cas9 technologies, 

we can now create specific disease-associated variants to study their contribution to disease 

phenotypes in a cell-specific manner. For example, the genome of CEC lines, primary cells, 

or iPSC-derived CECs without a given disease-associated variant can be edited using 

CRISPR-Cas9 to subsequently carry the variant(s) of interest. Alternatively, the reverse 

scenario can be carried out, in which a cell line harboring a risk allele from a patient with 

AMD is corrected using CRISPR-Cas9 and the effect on cellular phenotype is evaluated. 

This type of editing becomes particularly useful when studying a complex disease, because 

as indicated above, it allows one to generate isogenic control lines, which are essentially 

identical to the experimental cell lines with the exception of the mutation of interest. Since 

the genetic backgrounds of the cases and controls are the same when using this approach, 

and the variant of interest is the only difference between cell lines, any observed phenotypic 

differences are more likely to be a result of the altered gene or locus (presuming of course 

that no deleterious off target cleavage events were created).

As an example, one could use CRISPR-Cas9 to introduce the Y402H variant in the genome 

of a CEC line or iPSC-derived CECs to further understand the role of CFH in AMD 

pathophysiology. Since the primary function of CFH is to protect the cells against 

complement-mediated injury, the cells’ response to complement exposure can be compared 

to that of their isogenic controls. Furthermore, since ARMS2/HTRA1 are in linkage 

disequilibrium, CRISPR-Cas9 provides a promising tool to study mutations in these genes 

individually, in order to tease out which of these genes or variants may be important in AMD 

pathophysiology. For example, CRISPR-Cas9 could be used to generate four separate cell 

lines, each harboring one of the four variants in the ARMS2/HTRA1 risk locus. 

Combinations of variants can also be achieved in a given cell line using CRISPR-Cas9 to 

determine if more than one variant is required to cause a disease phenotype. In addition, 

genetic confounders, such as the highly prevalent high-risk CFH allele, which have added to 

the challenge of studying the ARMS2/HTRA1 locus in the past, can also be more easily 

avoided using the CRISPR-Cas9 method of gene editing.

7. CRISPR corrected iPSCs for autologous cell replacement

7.1. Opportunity and recent advances

In severe or advanced cases of retinal degeneration, in which patients have often lost the 

majority of their photoreceptor cells by the time they receive a diagnosis, gene augmentation 

or gene editing based treatment approaches are not likely to be effective (i.e., there are no 

cells left to treat). Photoreceptor cell replacement will ultimately be required if these patients 

are to regain visual ability.

The use of stem cells and their progeny has long been established as a viable approach for 

treatment of retinal degenerative blindness. Over the past decade numerous studies focused 

on the use of stem cell derived RPE cells for the treatment of AMD have been published 
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(Koss et al., 2016; Mandai et al., 2017; Nommiste et al., 2017; Plaza Reyes et al., 2016; J. 

Wang et al., 2016b).

Importantly, the promising results afforded by these animal studies has recently budded into 

the first group of clinical trials focused on treatment of patients with advanced AMD. The 

first of these studies suggested that subretinal injection of embryonic stem cell-derived RPE 

in patients with AMD was relatively safe (Schwartz et al., 2015; Song et al., 2015).

Meanwhile, the latest advances in retinal cell differentiation protocols have enhanced our 

collective ability to produce sufficient numbers of stem cell-derived photoreceptor cells for 

retinal transplantation (Chao et al., 2017; Kundu et al., 2017; McGill et al., 2017; Tucker et 

al., 2013a; Wiley et al., 2016; Worthington et al., 2017). Transplantation of stem cell derived 

retinal progenitor cells have been shown to form functional synapses with host bipolar cells 

(Mandai et al., 2017; Singh et al., 2013; Tucker et al., 2011a) a marker of functional 

progress that had previously been elusive. Importantly, cell sorting to select non-proliferative 

cells and/or cells expressing desired retinal markers has recently proven to be beneficial in 

retinal transplantation (Lakowski et al., 2015; Shao et al., 2017). This process could be 

especially important given that retinal cells have now been shown to express differential 

immunogenetic markers compared to other cell types (Zhao et al., 2015).

7.2. Autologous cell replacement

In the past five years, two independent teams have directly compared the safety and efficacy 

of human embryonic stem cell (ESC)- and iPSC-derived retinal cell transplantations in 

animal models of retinal degeneration (Barnea-Cramer et al., 2016; Riera et al., 2016). In 

each study, cell integration and functional improvement occurred regardless of cell source, 

while the degree of photoreceptor-like cell integration depended on the number of surviving 

cells. However, the xenogeneic nature of these studies necessitated animal 

immunosuppression, removing the host immune response as a consideration. Although in 

the normal eye the blood-retinal barrier (BRB) does afford the retina some degree of 

immune privilege, when the retina is diseased circulating immunomodulatory factors have 

been shown to have easy access (Chinnery et al., 2012; Mullins et al., 2007; 2012; Rutar et 

al., 2010). In fact, the subretinal space has been shown to become pro-inflammatory in the 

face of photoreceptor and RPE degeneration (Ambati et al., 2013; Anand et al., 2003; 

Chinnery et al., 2012; Mullins et al., 2012; Rutar et al., 2010; Tarallo et al., 2012; Whitcup et 

al., 2013) and it is well established that inflammation plays an important role in the 

pathogenesis of both RP and AMD (Ambati et al., 2013; Anand et al., 2003; Tarallo et al., 

2012; Tucker et al., 2013a; 2011b; 2011a; 2013b; Whitcup et al., 2013; Yao et al., 2011). 

Major histocompatibility complex (MHC) matching could help to mitigate concerns of 

immune rejection (Sugita et al., 2016), however years of MHC-matched organ and tissue 

transplantation in human demonstrates that this process is imperfect, and that the degree of 

MHC matching dictates the amount of systemic immunosuppression needed. As immune 

suppression leads to dramatically increased risk of infection and a significant reduction in 

quality of life, transplantation of cells that are immunologically entirely recognized as “self” 

would be a major advance. Taken together, these results suggest that autologous iPSC-

derived retinal cells are likely to be the ideal cell type for the treatment of retinal 
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degeneration. Although patients with complex disease such as AMD may benefit from use 

of native patient specific iPSCs (i.e. used without genetic manipulation), for individuals with 

Mendelian disorders caused by genetic mutations in known disease causing genes, gene 

correction should be performed before cellular differentiation and autologous cell 

transplantation. As discussed above, there have been several recent studies showing that such 

correction can be accomplished via CRISPR-based genome editing (Burnight et al., 2017; 

Hung et al., 2016; Ruan et al., 2017; Yiu et al., 2016), which, unlike traditional methods of 

gene augmentation, allow the host gene to remain under control of its endogenous regulatory 

elements.

7.2.1. Selecting Corrected iPSCs—In most situations, for autologous cell 

replacement a homogenous population of CRISPR-corrected iPSCs will be necessary. If a 

particular experimental approach results in a high percentage of the desired genomic 

modification, distributing the treated cells over multiple wells of a tissue culture plate and 

manually selecting and expanding iPSC clones may be sufficient to identify a homogenous 

subgroup. Yet, for patient-specific iPSCs homologous recombination typically occurs in less 

than 1% of the population of cells treated, which makes an iterative enrichment approach 

time and cost prohibitive (Byrne et al., 2015; Miyaoka et al., 2016).

To overcome this barrier, researchers have developed techniques to clonally select cells 

using FACS or reporter genes. For FACS, successful protocols require specific media, small 

molecules, and feeder layers to support single cell iPSC survival (Burnight et al., 2017; 

Byrne et al., 2014). After sorting, only a fraction of cells survive and the remaining wells 

must be screened for the intended genomic modification increasing the experimental time. 

Alternatively, a reporter cassette can be included in the homology directed repair construct 

allowing for the subsequent selection of corrected clones (Burnight et al., 2017; Byrne et al., 

2015; Hou et al., 2013; Merkle et al., 2015). The reporter gene can encode for a fluorescent 

protein, allowing later separation of corrected clones, or for resistance to a specific 

antibiotic, which would then be added to the cell culture media (Giacalone et al., 2018). 

However, fluorescent proteins can be cytotoxic and fail to persist long-term (Ansari et al., 

2016), so most clinical applications are better served by drug selection, which allows for 

positive, clonal selection, and subsequent expansion of corrected iPSCs. Ultimately, the use 

of selection reduces the difficulty of obtaining genome-edited cells because the desired 

modification is coupled to the selection cassette.

One thing to consider when inserting foreign sequences into the genome of an iPSC is that 

the targeted incorporation of selection cassettes has been shown to have short range and 

long-range effects on transcription (Meier et al., 2010; Pham et al., 1996; Zou et al., 2011). 

If placed near proto-oncogenes, for example, selection cassette integration may lead to 

insertional mutagenesis (Hacein-Bey-Abina et al., 2003). Other undesirable outcomes of 

inappropriate placement include the silencing of transgenes or simply ineffective selection 

(Rivière et al., 2012). Therefore, the ideal strategy is one designed to remove the reporter 

following use via methods such as the CRE/Lox system (Burnight et al., 2018; Giacalone et 

al., 2018).
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An alternative approach for selection allows researchers to simultaneously genetically 

modify a sequence of interest and insert a reporter gene at an alternative location. This can 

be accomplished by delivering the necessary components to modify a sequence of interest 

while also delivering the necessary components to insert a reporter gene at a fixed locus 

(Mitzelfelt et al., 2017). In certain situations, this method has been shown to be more 

efficient than other selection techniques, with as much as 40% of correction being 

“precision” events (i.e. HDR vs. NHEJ) (Mitzelfelt et al., 2017). To define a locus suitable 

for the reporter cassette, experts in the field have been working together to identify genomic 

regions that when disrupted, are unlikely to cause discernable phenotypic effects. Also 

known as “safe harbors,” three of these regions that have been tested most extensively are 

AAVS1, CCR5 and human ROSA26 (Sadelain et al., 2011). AAVS1 in particular has been 

most rigorously evaluated (Cerbini et al., 2015; Coluccio et al., 2013; Holkers et al., 2014; 

Hong et al., 2017; Maggio et al., 2014; J. Wang et al., 2016a), emerging as the gold standard 

of “safe harbors.” However, AAVS1 does not meet the most recent criteria recommended for 

a truly safe genomic selection region. In order to do so, a locus must be at least 50 kilobases 

from the 5’ end of any gene, 300 kilobases from cancer-related genes, 300 kilobases from 

microRNA, outside of the gene transcription unit and outside of ultra-conserved regions 

(Sadelain et al., 2011). As we learn more about identifying and evaluating “safe harbors 

loci,” additional “safe harbor” options are likely to emerge. For example, we still know very 

little about whether or not “safe harbors” are differentially expressed by diverse cell 

phenotypes or whether they participate in critical DNA folding events. Recent technological 

advancement has shown that topologically associating domains, which are used to 

understand nuclear organization, can vary by cell-type, which has implications for changes 

in long-range interactions (Cubeñas-Potts and Corces, 2015). Furthermore, new genes, 

particularly those related to cancer, are discovered frequently, which narrows the pool of 

appropriate loci. Over time, fully validating the safety of using any of these genomic regions 

for selection could be costly and laborious, and ultimately, the data may necessitate the 

excision of the reporter gene.

7.2.2. Biomaterials and retinal tissue engineering—Despite the cell therapy 

advances described above, survival and integration of stem cell-derived retinal cells remains 

a challenge (Santos-Ferreira et al., 2016). There is strong evidence to suggest that visual 

improvement is correlated to the number of engrafted cells (Barnea-Cramer et al., 2016; 

Tucker et al., 2011a), highlighting the need for a delivery vehicle that protects CRISPR-

corrected, autologous cells during and after transplantation. It is widely accepted that these 

challenges can be addressed using polymeric biomaterials, and the past few years of research 

in the area have increased our collective understanding of the optimum properties of such a 

material. For example, new polymer chemistries have been introduced, like the use of 

parylene-C and polyimide films for the support of RPE cells, which have been shown to be 

safe and effective in the porcine subretinal space (Brant Fernandes et al., 2016). On the other 

hand, transplantation of RPE-seeded polyimide films in the rabbit subretinal space caused 

de-pigmentation over time despite very little immune response to the polymer alone 

(Ilmarinen et al., 2015). In addition to these new polymers, variations on traditional 

degradable films have also been introduced, including using vitronectin to coat 

poly(caprolactone) (PCL), which increased RPC attachment and helped drive differentiation 
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(Lawley et al., 2015). In addition, PCL and poly(lactic acid) (PLA) copolymers have been 

verified as an effective RPE substrate (Sorkio et al., 2015). Importantly, this study indicates 

that tuning the degradation profile of such materials by adjusting the ratio of each polymer is 

feasible; an important aspect of design given the acidic byproducts produced as polyesters 

degrade.

All of the above-mentioned synthetic degradable polymers, which are the most common 

materials considered for retinal cell delivery to date, are relatively stiff compared to the 

retina. Fortunately, the recent characterization of retinal modulus (10–20 kPa) has been 

accompanied by efforts to tune biomaterials to be mechanically matched to the subretinal 

space (Worthington et al., 2014). Interestingly, differences in modulus near the retinal range 

do not appear to influence the survival of photoreceptor cells encapsulated in hyaluronic acid 

(HA)-based hydrogels. Rather, HA itself is thought to interact with CD44 receptors and 

activate mTor pathways to promote survival and integration in the mouse subretinal space 

(Ballios et al., 2015). The same materials, when modified with pro-survival proteins, also 

promote RPE cell viability upon encapsulation (Parker et al., 2016). In addition, chitosan 

and alginate hydrogels with moduli similar to the retina have shown promise as substrates 

for differentiating and transplantion of RPCs and RPE, respectively (Hunt et al., 2017; 

Worthington et al., 2016a).

In addition to chemistry and mechanical behavior, the morphology of retinal biomaterials 

has also been a recent focus in the field. For example, the presence of randomly distributed 

pores reportedly maximizes RPC density on degradable polymer films, but the size of the 

pores does not significantly affect survival or differentiation (Calejo et al., 2017; 

Worthington et al., 2016b). It is clear that maximizing substrate surface area and facilitating 

nutrient diffusion throughout the scaffold are important design considerations. Furthermore, 

many (polymer-free) transplanted cells self-assemble into neural rosettes post-

transplantation (Shirai et al., 2016). While this behavior is generally taken as a positive sign 

of differentiation to desired cell types, it reduces the ability of transplanted RPCs to integrate 

with host tissue and restore visual function. Thus, an ideal retinal cell transplantation 

material would possess, in addition to the features already discussed, the physical cues 

necessary to encourage RPC alignment (Figure 4). Creating tightly controlled polymer 

structures at relevant size scales has been historically difficult, but recent advances in 3D 

printing technologies have paved the way for the realization of this goal. In fact, the use of 

two-photon polymerization, a high-resolution 3D printing technique, can be used to create 

structures that facilitate RPC alignment (Worthington et al., 2017). We anticipate that future 

studies will focus on applying this technique to diverse chemistries and optimizing the 

resulting structures for use in the retina (Figure 4).

Reactive gliosis is known to be a significant barrier to neural regeneration in the central 

nervous system, including the retina (Gonzalez-Cordero et al., 2013; Tucker et al., 2010; Yiu 

and He, 2006; Y. Zhang et al., 2007). Delivery of specific small molecules or proteins can 

mitigate this phenomenon while also encouraging synaptogenesis (J. Ma et al., 2011; Tucker 

et al., 2010; Yao et al., 2011). However, precise spatial and temporal control of dosing is 

most likely to be achieved using polymeric delivery devices (Marquardt et al., 2015). In the 

past several years, groups have demonstrated that by embedding various combinations of 
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stem-cell derived neurons, neurotrophic factors, axonal growth inhibitors and anti-gliotic 

enzymes in polymer scaffolds improves functional outcomes in models of spinal cord injury 

(Elliott Donaghue et al., 2016; 2015; Führmann et al., 2015; Wilems et al., 2015; Wilems 

and Sakiyama-Elbert, 2015), traumatic brain injury (X. Li et al., 2016) and stroke 

(Moshayedi et al., 2016; Nih et al., 2017). Many of these strategies could be implemented in 

retinal tissue engineering, with temporal release of such molecules being a “fourth 

dimension.”

There is also growing evidence to suggest that simultaneous transplantation of multiple cell 

types will be beneficial or even necessary for functional restoration in the retina. 

Transplantation of a sheet of autologous RPE alone in late-stage AMD patients was found to 

be well tolerated out to at least one year, which is an extraordinary and hopeful finding in 

itself (Mandai et al., 2017). However, functional restoration is not likely to be achieved 

without the delivery of replacement photoreceptor cells. Similarly, in cases such as this 

where both RPE and photoreceptor cells have degenerated, photoreceptor cells alone may 

not thrive without co-transplantation of RPE. This phenomenon is further complicated by 

the role of the choroidal vasculature in AMD disease progression. It too may need to be 

replaced or encouraged to regenerate in some cases in order to achieve restoration of proper 

retinal function. In addition to existing protocols for RPE and RPC differentiation, the recent 

development of SC-derived choroidal endothelial cell differentiation techniques will enable 

these multilayered interactions to be evaluated in vitro and in vivo (Chirco et al., 2017; 

Songstad et al., 2017; 2015).

8. Summary and Conclusions

Since the initial studies reporting the use of the CRISPR-Cas9 system for mammalian 

genome editing were published, the technology has been used extensively throughout the 

world for applications ranging from the creation of animal models to in vivo gene correction. 

Unlike its predecessors, TALENs and ZFNs, the CRISPR system is fairly simple, requiring 

nothing more than a basic knowledge of molecular biology to be able to effectively adopt the 

technology. As summarized in this review, one of the greatest areas of interest has been in 
vivo gene correction. In tissues such as the liver, which contains mitotically active cells, in 
vivo genome editing has been highly efficient. Unfortunately, as we have shown in a large 

animal model of retinal degeneration (Burnight et al., 2017), photoreceptor cell targeting and 

efficiency of NHEJ-based mutant gene deletion is currently so low that it would not be 

expected to provide a therapeutic benefit. The efficiency of HDR-based editing, which will 

be required to correct the majority of retinal disease-causing mutations (Stone et al., 2017), 

is expected to be even lower, and it is therefore difficult to imagine that this technology will 

take the place of traditional gene augmentation for the treatment of early stage retinal 

degeneration anytime soon. However, several groups around the world are aggressively 

pursuing ways to increase editing efficiency while simultaneously decreasing off target 

events.

Although the efficiency of targeted gene editing in mitotically active cells such as those 

found in the liver is significantly higher than in post-mitotic retinal neurons, so too are the 

risks of having an off-target event cause an untoward serious adverse reaction. As indicated 
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above, the eye is unique in that it can be closely monitored following treatment using 

standard clinical approaches. If a CRISPR-induced significant adverse event were to occur, 

it could be readily detected and treated with noninvasive laser photocoagulation to prevent 

escape of mutant cells from the eye. Ocular diseases that can be treated by restoring function 

to a relatively small number of host cells may be the ideal targets for trials of in vivo 
CRISPR-based therapy in the near term. For instance, the trabecular meshwork (TM) is a 

tissue located at the junction of the cornea and the sclera that is involved in the maintenance 

of intraocular pressure via its resistance to drainage of aqueous humor from the eye. Genetic 

alteration of a relatively small proportion of trabecular meshwork cells could have a 

significant effect on the intraocular pressure just as laser photocoagulation of a discrete 

portion of the meshwork has been shown to do (Stein and Challa, 2007). For example, a 

recent study by Jain and colleagues demonstrated that CRISPR-mediated deletion of mutant 

myocilin in mouse TM cells in vivo convincingly prevented mutation induced ER-stress, TM 

cell death, elevation of intraocular pressure and death of retinal ganglion cells (Jain et al., 

2017).

One therapeutic use of the CRISPR-Cas9 system is virtually unaffected by its meager 

molecular efficiency: the correction of disease-causing mutations in patient-derived iPSCs 

for autologous cell replacement. Unlike in vivo genome editing, genetically corrected iPSCs 

can have their genomes thoroughly analyzed both before and after CRISPR correction using 

any one of the genome sequencing approaches described in section 2.7 above. Corrected 

clones that are found to be free of deleterious off target cleavage events can be subsequently 

expanded and fully validated prior to differentiation. For photoreceptor cell replacement, 

clonally expanded CRISPR-corrected iPSC lines determined to be the most efficient 

producers of photoreceptor cells can subsequently be used to generate retinal cell grafts for 

autologous treatment of end stage retinal degenerative blindness.

As with any powerful technology, the CRISPR-Cas 9 system can be misused in ways that 

could jeopardize its use to make medically meaningful advancements. For example, if an 

investigator performs experiments that are perceived by the public to be unethical, it could 

have a very negative impact on the use of the technology for other purposes. Recently, 

CRISPR-based editing of human embryos was reported. The authors employed allele-

specific sgRNAs and a S. pyogenes Cas9 along with ssODNs to correct a heterozygous 

variant in the MYBPC3 gene (H. Ma et al., 2017), mutations in which cause hypertrophic 

cardiomyopathy (Carrier et al., 2015). These embryos developed normally to blastocyst and 

ES cells without cytogenetic abnormalities, and whole genome sequencing and Digenome-

seq evaluation of off-target cleavage did not reveal any detectable off-target mutations (H. 

Ma et al., 2017). The argument made by the authors of this study was that by using the 

CRISPR system it would be possible for individuals who were at risk of having a child 

affected with a potentially fatal disease to have unaffected children. The desire to have a 

child free from a known lethal genetic disorder is very understandable. This is the rationale 

behind the well-established method of preimplantation genetic testing, which unlike the 

CRISPR system does not have a risk of inducing off target modifications with severe 

developmental implications. The question that physicians, scientists and ethicists must 

constantly ask is whether the risks associated with an experiment are greater than the 

potential benefit. It is the opinion of these authors that CRISPR-based genome editing is 
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very well suited and enormously valuable for genetic correction of disease-causing 

mutations in patient-derived iPSCs in vitro, but should not be used to genetically manipulate 

human embryos.

Since the original reports describing the use of the CRISPR technology for genome editing, 

many studies have been published that demonstrate the utility of this system for applications 

ranging from in vitro genome editing to the generation of knock out animal models of 

disease. Although the holy grail of this technology is safe and efficient in vivo gene 

correction, significant additional scientific work will be needed before this technology can 

be used to treat post-mitotic tissues like the human retina. In its current form, CRISPR-based 

genome editing holds the greatest promise for its ability to genetically correct patient-

derived stem cells. By transiently expressing CRISPR reagents in patient specific iPSCs in 
vitro, and performing whole-genome sequencing on a number of the resulting clones, one 

can readily generate autologous cell lines with no deleterious off target events. These 

genetically corrected cell lines can in turn be used to generate photoreceptor cells, which 

when loaded onto biocompatible cell delivery scaffolds, can be transplanted into the 

subretinal space for autologous photoreceptor cell replacement.

List of Abbreviations

AAV adeno-associated virus

iPSC induced pluripotent stem cell

CRISPRs clustered regularly interspaced short palindromic repeats

SRSRs short regularly spaced repeats

ZFN zinc finger nuclease

TALEN transcription activator-like effector nuclease

crRNA CRISPR-RNA

Cas CRISPR-associated

tracrRNA trans-activating crRNA

sgRNA single guide RNA

PAM protospacer adjacent motif

DSB double-strand break

NHEJ non-homologous end-joining

SSBR single-stranded base repair

HDR homology-directed repair

SpCas9 S. pyogenes Cas9
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SaCas9 S. aureus Cas9

StCas9 S. thermophilus Cas9

NmCas9 N. meningitidis Cas9

FnCas9 F. novicida Cas9

CjCas9 C. jejuni Cas9

GUIDE-seq genome-wide, unbiased identification of DSBs enabled by 

sequencing

NGS next generation sequencing

BLESS breaks labeling, enrichment on streptavidin, and next-

generations sequencing

BLISS Breaks Labeling In Situ and Sequencing

AsCpfI Acidaminococcus sp. CpfI

LbCpfI L. bacterium CpfI

WGS whole genome sequencing

CIRCLE-seq circularization for in vitro reporting of cleavage effects by 

sequencing

ssODN single-stranded oligodeoxynucleotide

AMD age-related macular degeneration

CNV choroidal neovascularization

SNV single-nucleotide variant

PCR polymerase chain reaction

RFLP restriction fragment length polymorphism

CECs choroidal endothelial cells

RPE retinal pigment epithelium

SNP single nucleotide polymorphism

hRPCs human retinal progenitor cells

ESC embryonic stem cell

FACS fluorescence activated cell sorting

PCL poly(caprolactone)

PLA poly(lactic acid)
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HA hyaluronic acid

A adenosine

G guanine

C cytosine

T thymidine

R adenosine or guanine

V adenosine, guanine, or cytosine

W adenosine or thymidine
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Figure 1. The CRISPR-Cas systems function in bacteria and archea as adaptive immune systems 
against foreign genetic material.
The system is composed of a CRISPR array of alternating conserved repeats and target-

specific spacers (protospacers) acquired from fragments of foreign genetic material. The 

bacterium creates a heritable memory of infection. Upon entry of a foreign invader (1 – 

infection), foreign DNA sequences are incorporated into the bacterial CRISPR locus (2 – 

acquisition) and subsequently the bacterium transcribes CRISPR RNAs (crRNAs) from the 

array which associate with Cas effector proteins to create a ribonucleoprotein surveillance 

complex (RSC) (3 – expression). The RSC recognizes a sequence directly downstream of 

the crRNA target sequence – the protospacer adjacent motif (PAM). Following guide 

binding, the Cas nuclease cleaves the target DNA leading to the clearance of the foreign 

invader (4 – interference) (Leenay and Beisel, 2017).
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Figure 2. AAV serotype transduction comparison following subretinal injection in mouse retina.
A) Schematic digram depicting the layers of the neural retinal and placement of AAV 

vectors in vivo. B-H) Immunohistochemical analysis of GFP expression (green) driven by 

seven different AAV serotypes two weeks post-subretinal injection. Representative z-stacks 

are shown for each of AAV1 (B-B’), AAV2 (C-C’), AAV4 (D-D’), AAV5 (E-E’), AAV6 (F-

F’), AAV8 (G-G’) and AAV9 (H-H’). DAPI was used to visualize retinal nuclei. NFL – 

nerve fiber layer, GCL – ganglion cell layer, IPL – inner plexiform layer, INL – inner 

nuclear layer, OPL – outer plexiform layer, ONL – outer nuclear layer, IS/OS – 

photoreceptor cell inner and outer segments. Scale bars = 50 μm.

Burnight et al. Page 51

Prog Retin Eye Res. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Efficency of CRISPR based genome editing.
A-B: Immunohistochemical analysis of GFP expression (green) following transduction of 

human retinal explants with AAV5-GFP at 1 week post-subretinal delivery. Unlike in vitro 
HEK293 transfection efficiency, which is near 100%, AAV5 based gene delivery vectors 

typically transduce less that 50% of the photoreceptor cells targeted. C: In vitro NHEJ 

efficiency. Of 40 sgRNAs targeting ten independent genes associated with inherited retinal 

degenerative disease, an average NHEJ efficiency of 20.6 ± 1.3% NHEJ was detected.
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Figure 4. Human retinal tissue engineering.
The inner retina, which is preserved during inherited retinal degeneration, and the 

photoreceptor cell layer are intimately connected (schematic shown in A). The outer nuclear 

layer (ONL) comprises photoreceptor cell bodies stacked in columns while the outer 

segments are tightly packed side-by-side in close contact with the RPE (not shown). When 

viewed en face via phase contrast microscopy (B), human photoreceptor cells appear very 

tightly packed in a hexagonal array. This architecture can be closely recapitulated using 

high-resolution 3D printing (C-E), enabling the creation of photoreceptor cell scaffolds (F-
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H) meant to enable proper function and integration with the host inner retina. These highly 

tunable structures can facilitate close cell packing, guide cell orientation, and release small 

molecules that encourage synaptogenesis (I). GCL – ganglion cell layer, IPL – inner 

plexiform layer, INL – inner nuclear layer, OPL – outer plexiform layer, ONL – outer 

nuclear layer, IS/OS – photoreceptor cell inner and outer segments.
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Table 1.

Cas9 orthologs

Species Size (aa) PAM Target (nt) Reference

Streptococcus pyogenes Cas9 1368–1424 NGG 20 (Jinek et al., 2012)

Staphylococcus aureus Cas9 1053 NNGRRT 20–24 (Kleinstiver et al., 2015)

Streptococcus thermophiles 1 Cas9 1122 NNNRRT 21 (Horvath et al., 2008)

Streptococcus thermophiles 3 Cas9 1393 NGGNG 19 (Horvath et al., 2008)

Neisseria meningitidis Cas9 1109 NNNNGATT 23–24 (Hou et al., 2013)

Francisella novicida Cas9 1629 NGG 22 (H. Hirano et al., 2016)

Treponema denticola Cas9 1423 NAAAAN 20 (Anders et al., 2014)

Acidaminococcus Cas12a (Cpf1) 1308–1310 TTTV 23–24 (Zetsche et al., 2015)

Lachnospiraceae Cas12a (Cpf1) 1228 TTTV 23–24 (Zetsche et al., 2015)

Leptotrichia buccalis Cas13a (C2c2) 1159 none 20–28 (Liu et al., 2017)

Leptotrichia shahii Cas13a (C2c2) 1389 H 14–28 (Abudayyeh et al., 2016)

Campylobacter jejuni Cas9 984 NNNNACAC or NNNRYAC 22 (E. Kim et al., 2017)
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