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While retinal degeneration and disease results in permanent damage and vision loss in humans, the severely damaged zebrafish retina has a high capacity to regenerate lost neurons and restore visual behaviors. Advancements in understanding the molecular and cellular basis of this regeneration response give hope that strategies and therapeutics may be developed to restore sight to blind and visually-impaired individuals. Our current understanding has been facilitated by the amenability of zebrafish to molecular tools, imaging techniques, and forward and reverse genetic approaches. Accordingly, the zebrafish research community has developed a diverse array of research tools for use in developing and adult animals, including toolkits for facilitating the generation of transgenic animals, systems for inducible, cell-specific transgene expression, and the creation of knockout alleles for nearly every protein coding gene. As CRISPR/Cas9 genome editing has begun to revolutionize molecular biology research, the zebrafish community has responded in stride by developing CRISPR/Cas9 techniques for the zebrafish as well as incorporating CRISPR/Cas9 into available toolsets. The application of CRISPR/Cas9 to retinal regeneration research will undoubtedly bring us closer to understanding the mechanisms underlying retinal repair and vision restoration in the zebrafish, as well as developing therapeutic approaches that will restore vision to blind and visually-impaired individuals. This review focuses on how CRISPR/Cas9 has been integrated into zebrafish research toolsets and how this new tool will revolutionize the field of retinal regeneration research.
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INTRODUCTION

Humans and other mammals are unable to regenerate a damaged retina, but teleost fish, such as zebrafish, possess a robust injury response where all types of retinal cells can be regenerated following loss. This is a noteworthy capacity since vision loss due to inherited or acquired retinal disease has a tremendous impact on a person's quality of life and results in substantial economic burden (Gupta et al., 2007; Wittenborn et al., 2013). Retinal damage is usually permanent and cures are nonexistent because the retina is composed of post-mitotic neurons. Over the past few decades, much work has been dedicated to developing treatments for vision loss, such as prosthetics (Barrett et al., 2014), photoreceptor transplant (Santos-Ferreira et al., 2017), and gene therapy (Farrar et al., 2014). While many of these strategies demonstrate strong potential, they are invasive and burdensome for patients and caregivers. Alternatively, regenerative medicine seeks to approach chronic disease with treatments that will stimulate repair and restore function.

Zebrafish possess a remarkably conserved eye anatomy and circuitry with most vertebrates, and like humans, the zebrafish retina is cone rich for diurnal, visually-dependent behavior (Gestri et al., 2012). Both forward and reverse genetics techniques are well established in zebrafish, making it a popular model system to study the retina. Furthermore, the recent establishment of CRISPR/Cas9 genome editing has been quickly translated to zebrafish research to streamline the efforts for introducing targeted mutations (Li et al., 2016).

Here we review CRISPR/Cas9 gene editing in relation to zebrafish retinal regeneration research. We discuss the most recent literature on retinal regeneration and the tools that have strengthened zebrafish research, including the resources available for CRISPR/Cas9 gene editing. Finally, we discuss how CRISPR/Cas9 has the potential to transform research concerning the open questions in the field of retinal regeneration.

CURRENT PROGRESS IN RETINAL REGENERATION RESEARCH

Zebrafish retinal regeneration is studied using a variety of damage models including constant intense light (Vihtelic and Hyde, 2000), selective light damage (Bernardos et al., 2007), surgical excision (Cameron, 2000), transgenic expression of the E. coli nitroreductase enzyme (Montgomery et al., 2010), and chemical ablation (Fimbel et al., 2007; Sherpa et al., 2008). Regardless of the damage model, Müller glia are the cells that respond to injury by dedifferentiating to a stem cell-like state. The regenerative process proceeds with asymmetric division to produce neuronal progenitor cells (NPC) and proliferation of the NPCs to replace the cells lost to damage. Comprehensive reviews are available that discuss, in depth, the current understanding of this process (Goldman, 2014; Gorsuch and Hyde, 2014; Lenkowski and Raymond, 2014; Ail and Perron, 2017). Here we review the most recent advances in the field.

In the mammalian retina, Müller glia respond to retinal damage by undergoing reactive gliosis. This response is characterized by Müller glia hypertrophy and upregulation of Glial Fibrillary Acidic Protein (GFAP) (Grosche et al., 1995; Lewis and Fisher, 2003). Although initially neuroprotective (Bringmann and Wiedemann, 2012), persistent reactive gliosis causes scarring and neuronal cell loss (Bringmann et al., 2006). Zebrafish Müller glia also respond to injury with signs of reactive gliosis such as hypertrophy and increased gfap expression, however this response is transient and localized to the area of damage (Thomas et al., 2016). During normal regeneration, the gliotic response transitions to Müller glia proliferation. Alternatively, inhibiting cell cycle progression in the damaged zebrafish retina increases the reactive gliosis response with upregulation of GFAP and neuroprotective genes like fgf2 and results in the ultimate loss of photoreceptors as seen in the mammalian retina (Thomas et al., 2016). Remarkably, release of cell cycle inhibition can partially recover regeneration, further demonstrating that zebrafish Müller glia possess an enhanced capacity to respond to factors in the injured retina.

The identification of factors produced by dying neurons and the mechanisms by which zebrafish Müller glial respond have therefore been the major focus of retinal regeneration research. TNFα was the first factor identified that is produced by dying neurons and required for zebrafish Müller glia proliferation (Nelson et al., 2013). Another factor, HB-EGF, can stimulate Müller glia proliferation in some situations (Wan et al., 2012; Todd et al., 2015). Other recent studies have taken exploratory approaches to identify novel regulators of Müller glia activation following injury. Transcriptome analysis revealed previously unexamined pathways that are active in the early hours following damage including NF-κB signaling, circadian rhythm-related pathways, fatty acid metabolism, and metabolic responses (Sifuentes et al., 2016). On the protein level, cytoskeletal proteins and transporter activity appear to be upregulated in the degenerating and regenerating retinas relative to the normal retina (Eastlake et al., 2017).

Other inductive signals examined in zebrafish retinal regeneration include the core genes required to induce pluripotency in somatic cell reprogramming: oct4, sox2, klf4, myca and mycb, and nanog (Takahashi et al., 2007). The expression of each of these genes increases during the regenerative response (Ramachandran et al., 2010). Most recently, Sox2 expression and its functional role in Müller glia reprogramming during retinal regeneration was examined (Gorsuch et al., 2017). Through morpholino-mediated knockdown prior to light damage and forced expression in the absence of damage, it was demonstrated that Sox2 is both necessary and sufficient for Müller glia proliferation. Also necessary for Müller glia proliferation is repression of Notch signaling (Conner et al., 2014). Furthermore, it was recently suggested that Notch signaling may be regulated by Fgf8a in an age-dependent manner, such that young Müller glia respond to increased Fgf8a by repressing Notch, which allows activation and proliferation, whereas older Müller glia respond to forced Fgf8a with increased Notch signaling and neither activation nor proliferation (Wan and Goldman, 2017). This may represent an age-related preference to overcome a greater proliferative threshold in regeneration.

The strong focus on identifying the inductive signals that activate Müller glia proliferation is reasonable since a main goal for regenerative medicine is to induce Müller glia proliferation in the damaged human retina. However, for successful regeneration, Müller glia-derived NPCs must proliferate sufficiently, differentiate, and incorporate into the retina appropriately. Recent work revealed that the initial asymmetric division of Müller glia involves interkinetic nuclear migration (INM), where nuclei migrate apically to the outer nuclear layer to divide (Nagashima et al., 2013). Additionally, live-cell imaging confirmed the INM behavior of Müller glia and also revealed that most NPCs undergo apical and basal migration in phase with the cell cycle (Lahne et al., 2015). Furthermore, Rho-associated coiled-coil kinase activity, which regulates actin-myosin-mediated contraction, is required for sufficient proliferation and photoreceptor regeneration following light damage (Lahne et al., 2015). The extent to which Müller glia undergo INM may correspond to the high capacity of regeneration in the zebrafish retina.

Finally, following sufficient proliferation, successful regeneration will result only if NPCs differentiate and incorporate into the retina appropriately. While Müller glia-derived NPCs can regenerate all retinal cell types following damage, the neurons that are produced tend to be predominantly those lost to damage. Nevertheless, Müller glia-derived NPCs seem to be multipotent and regenerate neurons in excess such that all major neuronal types are produced, even when damage is focused to a particular neuronal layer of the retina (Powell et al., 2016). These newly regenerated neurons must also incorporate into the retinal circuitry. Regenerated bipolar cells appear to form most of their stereotypical connections but do not perfectly rewire with photoreceptors, suggesting that regeneration may not be able to perfectly recapitulate development (D'Orazi et al., 2016). However, the regenerated retina recovers vision-dependent behaviors (Fimbel et al., 2007; Sherpa et al., 2008), suggesting that the regenerated retina restores sufficient wiring.

CRISPR/Cas9 GENE EDITING IN ZEBRAFISH

The great advantage of zebrafish as a model organism is that many toolsets have been developed to manipulate gene expression and protein function. In addition, the zebrafish genome is well curated and extensive databases are available that organize zebrafish strains, transgenics, and expression patterns (http://www.zfin.org/). With the development of CRISPR/Cas9 for genome editing and translation to the zebrafish system, we now have an even more powerful toolset to address open questions in retinal regeneration research.

Generating knockout mutations in zebrafish with CRISPR/Cas9 is straightforward and relatively quick. Many resources exist to assist in streamlining the process (Table 1). Two components are required: a single guide RNA (sgRNA) specific to the target sequence and the Cas9 endonuclease, which can be injected together into the zebrafish zygote. The sgRNA target sequence must be selected based on the DNA-binding requirements of Cas9, mainly a protospacer adjacent motif (PAM). The most commonly used Cas9 is from Streptococcus pyogenes, which requires a 5′-nGG PAM (Mojica et al., 2009). Other requirements for optimized zebrafish sgRNA sequences were incorporated into an algorithm, CRISPRscan, to select the best target for any gene of interest (Moreno-Mateos et al., 2015). Additionally, CRISPRz is a curated database of validated CRISPR targets in zebrafish (Varshney et al., 2016). Several options are available for delivery of the cas9 transcript. Routinely, the cas9 endonuclease is transcribed in vitro and injected as a mRNA. For optimal use in zebrafish, a codon-optimized cas9 is available for expression of Cas9 protein with amino- and carboxy-terminal nuclear-localization signals (Jao et al., 2013). High efficiency activity with minimal toxicity has also been achieved with injection of an in vitro-assembled complex of Cas9 protein and sgRNA (Burger et al., 2016). Alternatively, transgenic zebrafish lines for ubiquitous or heat-shock inducible cas9 expression are available, which can induce mutagenesis with sgRNA injected into the zygote or expressed via transgenic U6 promoters (Yin et al., 2015).


Table 1. Resources for zebrafish CRISPR/Cas9 experimental design.
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The Cas9/sgRNA complex induces double-stranded breaks (DSB), which typically repair via error-prone non-homologous end joining (NHEJ) to create small insertions and deletions (indels) (Lieber, 2010). This process occurs in each cell in which the Cas9-sgRNA complex is active, thereby generating a highly mosaic fish with distinct alleles in affected cells. Transheterozygotes can be analyzed for phenotype by breeding together mosaic fish injected with the same target. Alternatively, the injected mosaic fish can be out-crossed to wild type or transgenic reporter line fish to give heterozygous germline mutants, which can be bred against each other for phenotype analysis in the next generation. In some cases, the mutation efficiency may be so high that the injected mosaic fish may have mutations in both copies of the target gene and in most cells, such that the fish expresses a null-like phenotype (Jao et al., 2013).

The greatest consideration when designing and analyzing a CRISPR/Cas9 experiment should be off-target mutagenesis. Perhaps the main contributor to off-target effects is improper sgRNA target design, although the tools available to assist in design greatly reduce this risk (Talbot and Amacher, 2014; Moreno-Mateos et al., 2015; Varshney et al., 2016). Morpholino knockdown is useful as an independent and complementary technique in the analysis of CRISPR/Cas9 mutagenesis. CRISPR/Cas9 was recently used to create targeted mutations in the neurod gene in the zebrafish retina and to complement morpholino knockdown experiments (Taylor et al., 2015). In independent morpholino knockdown experiments, neurod morphants demonstrated persistent expression of the Notch receptor notch1a, the Notch ligands deltaA and deltaD, and the Notch targets ascl1a and her4 in the central zebrafish larval retina at 48 and 70 h post fertilization. The morphants also had reduced eye size and increased proliferation zones. CRISPR/Cas9-injected embryos phenocopied the morphant phenotypes, thereby giving confidence that neurod was effectively targeted.

Gene targeting with CRISPR/Cas9 is not limited to a single gene. Multiple sgRNAs can be designed and coinjected into the same embryo for multigenic analysis (Jao et al., 2013; Ota et al., 2014; Yin et al., 2015). This can be useful for genetic interaction studies or as a strategy to overcome compensatory mechanisms. Multiplex gene editing with CRISPR/Cas9 may also facilitate forward and reverse genetic screening. In a pilot screen, two new genes were identified to be involved in electrical-synapse formation from a set of sgRNAs targeting 48 genes that were injected in multiplex pools of 6 or 8 sgRNAs (Shah et al., 2015). This study demonstrates potential for large-scale screening with CRISPR/Cas9.

Homology-directed repair (HDR) is another DSB repair mechanism. The molecular mechanisms that drive HDR in zebrafish are not well understood, but it requires a piece of donor DNA with homology to the area around the DSB. Therefore, targeted knock-ins can be generated at a desired locus using a donor DNA molecule that includes a sequence necessary for features such as stop codons, epitope tags, or fluorescent proteins. One report used a small oligonucleotide designed with 20 nucleotide homology arms on each side of a stop codon cassette to introduce a stop codon at the predicted DSB site at a locus where previously generated indels failed to shift the reading frame and produce a null allele (Gagnon et al., 2014). Another study used homology arms of 30–40 nucleotides to knock-in HA epitope tags directly 3′ of the start codon of two different genes with acceptable efficiency (Hruscha et al., 2013). Both frequency and precision of insertion need improvement, but recent reports show that knock-in of small insertions are successful.

Continuous effort to understand CRISPR/Cas9 function has led to the development of engineered Cas9 variants for a wide array of applications beyond inducing double-stranded breaks. For example, mutations in the endonuclease domains of the Cas9 protein render it catalytically inactive (dCas9), but expression of dCas9 with sgRNA in E. coli can specifically repress gene expression by blocking transcription (Qi et al., 2013). This system, called CRISPR interference (CRISPRi) has been modified for transcriptional activation or repression in eukaryotic cells by fusing dCas9 with the transcriptional activator VP64 or the repressive chromatin modifier domain, KRAB (Gilbert et al., 2013). Alternatively, the Cas9 nickase (nCas9) was engineered with a mutation to transform endonuclease activity to nickase activity where only one strand of DNA is cut (Cong et al., 2013). The nicked genomic DNA promotes repair through HDR, so recent studies have reported the use of nCas9 with two sgRNAs and homologous donor template to create specific point mutations and to correct diseasing-causing mutations (Inui et al., 2014; Kocher et al., 2017). Furthermore, the nCas9 variant has been fused to a cytidine deaminase enzyme to mediate direct conversion of C → T (or G → A) for programmable base editing (Komor et al., 2016). In zebrafish, this base editing system has been used to induce precise modifications at higher success rates than homology-directed repair (Zhang et al., 2017).

OTHER ZEBRAFISH TOOLSETS

There are several challenges that are unique to zebrafish retinal regeneration research, and certain tools have been developed to overcome those challenges. Combining the power of CRISPR/Cas9 with other tools will permit approaches to answer open questions in the field.

One big challenge for zebrafish retinal regeneration research is that the process is often studied in adult animals. While many mutant fish have been identified as having retinal defects, most are lethal within the first 2 weeks post fertilization (Brockerhoff and Fadool, 2011). Retinal regeneration experiments are, in general, designed to start with an intact, healthy retina such that gene function and experimental manipulation can be examined with respect to induced damage. In order to perform reverse genetics analyses, a method to knockdown protein function in the eye was developed using morpholino oligonucleotides (Thummel et al., 2011). Morpholinos are modified oligonucleotides that can be designed to either block translation or splicing by base-pairing to a complementary RNA. Injection and electroporation of morpholinos has facilitated the functional analysis of many genes during retinal regeneration (Thummel et al., 2010; Gramage et al., 2015; Taylor et al., 2015; Wan and Goldman, 2017), however there are some weaknesses to the technique. Mainly, electroporation has the potential to result in retinal damage outside of the experimental damage paradigm, and there is spatial limitation to the delivery of morpholino. Furthermore, there is concern that off-target effects of morpholinos may obstruct experimental analysis (Kok et al., 2015). CRISPR/Cas9 gene editing provides an independent and complementary method to confirm morpholino knockdown results.

Another challenge with the retina is that it is a laminated structure composed of six distinct cell types, each possessing a highly specialized function that is related to the cell's morphology and location (Figure 1A). When a gene is knocked out or knocked down in the organism or the eye, all cells lose function of that gene. Often, however, we want to know how cells relate to their environment and how genes function within time and space. Transgenic reporter lines have helped tremendously to focus on specific cell types in immunolocalization studies and for gene expression profiling by fluorescence activated cell sorting (Powell et al., 2013; Sifuentes et al., 2016). Each reporter line has utilized a specific promoter sequence for expression in a particular cell type, which provides a collection of cell-specific promoters throughout the retina (Figure 1B). Combining these cell-type specific promoters with the CRISPR/Cas9 vector system for tissue-specific gene editing will give greater precision to functional analysis in the regenerating retina (Ablain et al., 2015).
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FIGURE 1. Transgenic reporter lines used in zebrafish retinal regeneration research. (A) The vertebrate retina is a laminated structure with different neurons located in the distinct layers. RPE, retinal pigmented epithelium; OS, outer segments; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NF, nerve fibers; ILM, inner limiting membrane. (B) List of transgenic reporter zebrafish lines for retinal regeneration research. Fadool (2003), Masai et al. (2003), Shin et al. (2003), Takechi et al. (2003, 2008), Bernardos and Raymond (2006), Fausett and Goldman (2006), Bernardos et al. (2007), Kassen et al. (2007), Tsujimura et al. (2007, 2010), Obholzer et al. (2008), Montgomery et al. (2010), Wan et al. (2012), Randlett et al. (2013).



Other systems for cell-specific study include the Gal4/UAS and Tet-On gene expression systems. Both systems consist of two components: a transcriptional activator and a response element that drives expression of a reporter gene in any cell in which the transcriptional activator is active. For Gal4/UAS, the yeast transcriptional activator Gal4 binds to the UAS sequence, which is placed upstream of a reporter gene. A number of zebrafish Gal4 driver lines were produced through Tol2 transposon-mediated transgenesis with the Tol2kit (Kawakami et al., 2004; Kwan et al., 2007; Asakawa and Kawakami, 2008; Halpern et al., 2008). A recent protocol describes the conversion of GFP reporter lines into Gal4 lines using CRISPR/Cas9. The protocol requires a bait vector that encodes the Gal4 and includes the sgRNA target site such that the bait vector is also cut by the Cas9-sgRNA complex (Auer et al., 2014). With this technique, a GFP reporter line can be converted to a Gal4 driver line using the transgenic reporter line locus for which expression is already characterized. Furthermore, Gal4-converted transgenic lines are compatible with the 2C-Cas9 tool, a construct for clonal gene editing and tracking (Di Donato et al., 2016). The construct contains Cas9 with the self-cleaving T2A-GFP or T2A-Cre downstream of the UAS sequence as well as two U6 promoters to drive expression of sgRNAs.

The Tet-On system has the added benefit of being inducible in both a temporal and spatial manner. The transgene of interest is incorporated downstream of the tetracycline response element (TRE), which drives gene expression only in cells where the reverse tetracycline-controlled transcriptional transactivator (rtTA) is active and when Doxycycline is present. Transgenic zebrafish lines for inducible gene expression have been produced for rod photoreceptors [Tg(Xla.Rho:rtTAFLAG)umz34] and ultraviolet cone photoreceptors [Tg(opn1sw1:rtTAFLAG)umz38; Campbell et al., 2012; West et al., 2014]. In addition, the Tet-On components are available in Tol2kit-compatible vectors for straightforward cloning and transgenesis (Kwan et al., 2007; Campbell et al., 2012). In combination with a transgenic TRE:Cas9, gene editing with CRISPR/Cas9 would be inducible in a cell-type specific manner within the retina.

OPPORTUNITIES FOR CRISPR/Cas9 IN ZEBRAFISH RETINAL REGENERATION RESEARCH

Recently, much progress has been made to understand the process of retinal regeneration in zebrafish. However, we still do not yet have a sufficient understanding of the complicated molecular mechanisms that regulate the regenerative response. There are many outstanding questions that have arisen with recent results, and in time, CRISPR/Cas9 systems will play a pivotal role in addressing these questions. Targeted delivery of ascl1a-specific sgRNAs to the retina via injection and electroporation into one eye of Tg(actb2:cas9;LR)vu603 adult zebrafish prior to light damage demonstrated reduced number of proliferating Müller glia as compared to the corresponding control eye (Yin et al., 2015). Given its known role as an essential gene for Müller glia dedifferentiation, this result provided proof of principle that intravitreal injection and electroporation of sgRNAs can serve as a method to provide spatial and temporal control for mutagenesis in retinal regeneration studies in the adult animal.

A major area of open questions in retinal regeneration concerns the enhanced capacity of Müller glia to respond to injury. As discussed above, dying neurons produce TNFα, which is necessary and sufficient for Müller glia proliferation (Nelson et al., 2013), but TNFα has a limited capacity to induce Müller glia proliferation on its own (Conner et al., 2014). Repressing Notch signaling with a γ-secretase inhibitor along with intravitreal injection of TNFα in the undamaged retina stimulates the majority of the Müller glia to proliferate and produce NPCs that differentiate into retinal neurons (Conner et al., 2014). This suggests that not only are there inductive signals produced in the damaged retina, but that restrictive signals are also present, presumably to keep the undamaged retina in a non-proliferative state. What other factors in the zebrafish retina serve as inductive and repressive signals to permit the transient gliotic response and promote proliferation? It is most likely that a combination of factors orchestrated with particular timing creates the appropriate environment to activate Müller glia. The ability to multiplex with CRISPR/Cas9 will provide an opportunity to systematically analyze the function of one to several genes within the same retina. Further study with modified Cas9 systems, such as transcriptional repression and activation with CRISPRi, will allow for multiplex analysis of the many candidate molecules and pathways implicated in recent studies (Nelson et al., 2013; Powell et al., 2013; Sifuentes et al., 2016).

Similarly, many signaling pathways, such as Notch, β-catenin, PI3K, Jak/Stat3, and pluripotency factors, have been demonstrated to be necessary for NPC production and amplification. Recent work suggests that Müller glia do not respond equally to signals (Nelson et al., 2012; Wan and Goldman, 2017), and that they are recruited to regenerate in waves of dedifferentiation and proliferation (Gorsuch and Hyde, 2014). What are the regulatory relationships between the signaling pathways, and what defines different Müller glia cell populations? CRISPR/Cas9 gene editing combined with cell-specific and inducible expression systems will assist in answering these types of questions.

Finally, the mechanisms that direct NPCs to predominantly regenerate the specific neurons lost to damage are unclear. Recent results suggest that neurons are regenerated in excess such that neurons that were not lost to damage are produced along with those that were lost to damage (Powell et al., 2016). What signals direct the differentiation of NPCs? Does regeneration recapitulate development? Recent details and a report on the use of live imaging for retinal regeneration adds another useful tool for future studies (Lahne et al., 2017). Combining live imaging with the 2C-Cas9 tool will provide an opportunity to track cells and analyze gene function.

CONCLUSIONS

The goal of retinal regeneration research is to translate regenerative mechanisms to humans so that a damaged retina can repair itself instead of resulting in visual impairment. Insight from zebrafish retinal regeneration research has been applied recently to the damaged mammalian retina to help reveal mechanisms that can stimulate Müller glia proliferation following damage. Ascl1 overexpression in addition to trichostatin-A (histone deacetylase inhibitor) treatment of damaged mouse retinas enabled a subset of Müller glia to proliferate and generate inner retinal neurons (Jorstad et al., 2017). Furthermore, sequencing data showed that chromatin remodeling in the responsive Müller glia was critical to express genes associated with neural development and differentiation. Continued progress with zebrafish retinal regeneration is needed to understand how to direct the complex regulatory mechanisms required for regeneration. CRISPR/Cas9 genome editing will undoubtedly play a role in the progress that will ultimately translate to visual restoration in humans who suffer visual impairment resulting from trauma or disease.
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