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Abstract

:

Efficacy and safety considerations constitute essential steps during development of in vivo gene therapies. Herein, we evaluated efficacy and safety of splice factor-based treatments to correct mutation-induced splice defects in an Opa1 mutant mouse line. We applied adeno-associated viruses to the retina. The viruses transduced retinal cells with an engineered U1 snRNA splice factor designed to correct the Opa1 splice defect. We found the treatment to be efficient in increasing wild-type Opa1 transcripts. Correspondingly, Opa1 protein levels increased significantly in treated eyes. Measurements of retinal morphology and function did not reveal therapy-related side-effects supporting the short-term safety of the treatment. Alterations of potential off-target genes were not detected. Our data suggest that treatments of splice defects applying engineered U1 snRNAs represent a promising in vivo therapeutic approach. The therapy increased wild-type Opa1 transcripts and protein levels without detectable morphological, functional or genetic side-effects in the mouse eye. The U1 snRNA-based therapy can be tailored to specific disease gene mutations, hence, raising the possibility of a wider applicability of this promising technology towards treatment of different inherited retinal diseases.
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1. Introduction


Splicing of nuclear pre-mRNAs is defined by the excision of introns and the re-ligation of exons to generate mature transcripts. It depends on the identification of exonic sequences within the pre-mRNA as well as the recognition of splice sites at the borders between exons and introns [1]. Splice factors have an essential role in this process, including the U1 small nuclear ribonucleoproteins (U1). They are composed of proteins and a small nuclear RNA (snRNA), and mediate splicing by dynamic and orchestrated interactions between pre-mRNAs and splicing relevant proteins [2]. Spliceosome formation is initiated by recruitment of U1 to the splice donor site (SDS), a process that involves Watson-Crick base-pairing of U1 with the first six nucleotides of the 5′ end of the intron (+1 to +6) and the last three nucleotides of the 3′ end of the exon (−3 to −1) [3,4]. In a later step, U6 is recruited to the SDS, as part of a heterotrimeric complex containing U4-U5-U6. While U1 is released from the spliceosome, U6 generates base-pairs with the nucleotides at positions +4 to +6 of the SDS [5,6]. With the completion of splicing, the splice factors are released from the mature transcript and recycled [3].



Splicing defects are the cause of many human diseases. About 10–20% of human mutations affect canonical splice sites and lead to pathogenic splice defects (Human Gene Mutation Database [HGMD], http://www.hgmd.cf.ac.uk/ac/index.php, accessed on 20 March 2022) [7]. It has been demonstrated that aberrant splicing can be caused by mutations that reduce the interaction between the SDS and U1 [8]. To compensate for mutation-induced defects in pre-mRNA splicing, we and others previously engineered U1 to increase complementarity with the mutated SDS. This gene therapeutic approach on transcript level has been employed successfully in vitro and in cell cultures [9,10,11,12,13,14,15,16,17,18]. Furthermore, we previously demonstrated that a combination of engineered U1 and U6 can lead to improved correction of mutation-induced splice defects [12]. Additional studies suggested that U1 can be efficient in other mouse tissues than the retina [19,20,21].



Mutations in the human Optic Atrophy 1 gene (OPA1) lead to a progressive degeneration mainly of retinal ganglion cells (RGC) and their axons which project through the retina and into the optic nerve [22]. OPA1 mutations are associated with autosomal dominant optic atrophy (ADOA; OMIM: 165500) [23,24], and are the major cause of ADAO [25]. Symptoms of ADOA usually involve slow bilateral vision loss with highly variable severity [26,27,28]. In about 20% of cases, OPA1 mutations may also lead to syndromic ADOAplus characterized by additional extraocular clinical features including myopathy, peripheral neuropathy, ataxia, encephalopathy, and sensorineural hearing loss [29]. These multisystemic manifestations indicate that other cell types in addition to RGCs may be affected by OPA1 mutations. Effective therapeutic interventions to attenuate or reverse OPA1-associated ADOA do not yet exist.



Opa1 mouse models provided valuable tools to analyze the pathomechanisms of Opa1 mutations and to develop potential treatment options [30,31,32,33]. In this study, we used the Opa1:c.1065+5G>A (Opa1enu/+) mouse line as a model to evaluate treatments of pathogenic splice donor site defects. The splice defect in the mouse line Opa1enu/+, carrying the splice donor site mutation Opa1:c.1065+5G>A, is well characterized [30,34,35,36]. Notably, Opa1enu/+ is the only published Opa1 mouse model affected by a SDS mutation. The phenotype in the mouse model is a late onset partial RGC degeneration with slow progression detectable in approximate 1.5-year-old heterozygous mice. The extent of RGC degeneration is variable among heterozygous animals. Interestingly, the same splice donor site mutation (OPA1:c.1065+5G>A) occurred in human ADOA patients and caused pathogenic transcript alterations that are highly comparable between the mouse retina and patient-derived cells [37].



Herein, we present a proof-of-principle study that aimed to evaluate short-term efficacy and safety of U1-mediated treatments in vivo in the mouse eye. Our study is the first to demonstrate U1-based splice correction and safety in the retina of an in vivo model, an essential prerequisite for further therapy development.




2. Materials and Methods


2.1. Generation and Cloning of Mutation-Adapted U1/U6 Cassettes


Wild-type human U1 including its endogenous promotor (U1.wt, 614 bp) was amplified from genomic DNA introducing restriction sites for BcuI (BcuI_BshTI_U1_fwd: 5′-AGCTACTAGTACCGGTGTTAGCGTACAGTCTACTTTTGA-3′) and XbaI (XbaI_U1_rev: 5′-CGCGTCTAGAGTAAGGACCAGCTTCTTTGG-3′). Site-directed mutagenesis was performed on U1.wt template in three steps using Phusion Polymerase (Thermo Fisher, Darmstadt, Germany). Fragment 1 was mutagenized using BcuI_BshTI_U1_fwd and mutagenesis primer 1 (U1_opa1_rev: 5′-ggcccaagatctcatatttacatcgcaggggagatacc-3′). Fragment 2 was mutagenized using mutagenesis primer 2 (U1_opa1_fwd: 5′- ggtatctcccctgcgatgtaaatatgagatcttgggcc-3′) and XbaI_U1_rev. Both fragments were fused by PCR with primers BcuI_BshTI_U1_fwd and XbaI_U1_rev to yield mutation-adapted U1 cassette (U1.ad, 614 bp).



Wild-type human U6 including its endogenous promotor (U6.wt, 936 bp) was amplified from genomic DNA introducing restriction sites for XbaI (XbaI_U6_fwd: 5′- CGCGTCTAGACTCGCTAGGGTCACGTCTCTC-3′ and XbaI_U6_rev: 5′- CGCGTCTAGACAGAGGCAAGATGGGAAAGATC-3′). Site-directed mutagenesis and PCR were performed on U6.wt template as described above using primers XbaI_U6_fwd and XbaI_U6_rev with two mutagenesis primers (U6_opa1_fwd: 5′-ctaaaattggaacgatattgagaagattagcatggcccctg-3′ and U6_opa1_rev: 5′- caggggccatgctaatcttctcaatatcgttccaattttag-3′) to yield mutation-adapted U6 cassette (U6.ad, 936 bp).



The target vector pscAAV2.1_EF1a_GFP_SV40pA was linearized by restriction digestion with BcuI and XbaI excising its EF-1a, eGFP and poly(A) cassettes in the process. U1.wt and U1.ad cassettes were digested with BcuI and XbaI and ligated to the linearized pscAAV2 vector using T4 Ligase (Thermo Fisher, Darmstadt, Germany) yielding plasmids pscAAV2_U1.wt and pscAAV2_U1.ad.



U6.wt and U6.ad cassettes were digested with XbaI and ligated to the XbaI linearized pscAAV2_U1.wt and pscAAV2_U1.ad plasmids yielding four plasmids: pscAAV2_U1.wt_U6.wt (U1/U6.wt), pscAAV2_U1.ad_U6.wt (U1.ad), pscAAV2_U1.wt_U6.ad (U6.ad, not used in this study) and pscAAV2_U1.ad_U6.ad (U1/U6.ad). All plasmids were verified by sequencing.




2.2. Generation and Purification of AAV2/8


Generation of AAV2/8 was performed for each of the three pscAAV2_U1_U6 plasmids (pscAAV2_U1.wt_U6.wt (U1/U6.wt), pscAAV2_U1.ad_U6.wt (U1.ad), and pscAAV2_U1.ad_U6.ad (U1/U6.ad)) as previously described [38]. We used molar ratios of 1:2:1 of the capsid plasmid pLT-RC08, the pHGTI-Adeno1 helper plasmid, and the pscAAV2 plasmid and yielded a total of approx. 500 µL viral suspension each. Virus titer was quantified by qPCR using the linearized pscAAV2 vector with primers binding to the U1 cassette (U1_fwd: 5′-CACATTTGGGGAAATCGCAGG-3′ and U1_rev: 5′-CCGTGTGTGTAAAGAGTGAGG-3′). The AAV2/8 carrying the GFP-expressing plasmid (pssAAV-CMV-eGFP) was generated correspondingly.




2.3. Mice and Subretinal Injection


All animal experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES, ref. no. 15-1829).



C3HeB/FeJ-OPA1c.1065+5G>A mice were bred to generate heterozygous (Opa1enu/+) and wild-typic (Opa1+/+) offspring. In a randomized fashion, young adult mice (between 1 and 4 months old) from both genotypes were injected with AAV2/8 that carried either U1/U6.wt, U1.ad or U1/U6.ad cassettes mixed 5:1 with AAV2/8 carrying GFP-expressing plasmid (pssAAV-CMV-eGFP) in one eye and PBS or AAV2/8-GFP in the other. A volume of 1.5 µL at a titer of 1.8 × 1011 viral particles/mL was injected per eye.



Mice were anaesthetized with a mixture of Fentanyl (0.05 mg/kgbw), Medetomidin (0.5 mg/kgbw) and Midazolam (5 mg/kgbw) intraperitoneally and pupil-dilating eye-drops were applied (5% Neosynephrin and 1% Tropicamid) for 2 minutes. Fundus imaging was carried out prior to injection on a Phoenix Micron III high-resolution retinal imaging microscope (Phoenix Technology Group, Bend, OR, USA). Subretinal injections were performed by the transcorneal approach [39]: The cornea was punctured at the nasal side close to or at the limbus with a 30 G cannula, and a 33 G needle attached to a Hamilton microliter syringe (Hamilton, Reno, NV, USA) was inserted through the hole. While the iris may be punctured by this method, touching the lens can be avoided in a free-hand injection as the angle of the injection needle is steep enough to pass it. When the tip of the needle penetrated the retina a volume of 1.5 µL of viral solution was applied. The needle was removed and optical gel (Visc Ophthal, Berlin, Germany) was applied. Animals were placed on a heating mat and remained anaesthetized for one hour after injection; at that time, the antidote mixture (50 µL of Naloxon [0.12 mg/kgbw], Flumazenil [0.2 mg/kgbw] and Atipamezol [0.75 mg/kgbw]) was applied subcutaneously.



Mice were anesthetized after 3–4 weeks of therapy and fundus images including GFP-fluorescence were acquired as described above. To verify the therapeutic duration, RNA analyses (see below) were additionally performed after 8 weeks of therapy. Afterward the treatment, cervical dislocation was performed and eyecups were harvested for further analyses. Eyes displaying GFP signals in less than approximately 50% of the fundus area were excluded from any further analyses, except for non-injected or PBS-injected samples.




2.4. Analysis of Transcript Levels with Semi-Quantitative RT-PCR


We extracted RNA from full eyecups preparations using the NucleoSpin RNA kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s manual. Reverse transcription was carried out using SuperScript III reverse transcriptase (Thermo Fisher, Darmstadt, Germany) and 200-500 ng of RNA per sample. A control reaction was performed without reverse transcriptase (-RT).



RT-PCR reactions were performed using HotFire Taq (Solis Biodyne, Tartu, Estonia) with 1 µL of cDNA as template and Opa1-specific primers (OPA1_1011_fwd: 5′-GACGACAAAGGCATCCACCA-3′ and OPA1_1510_rev: 5′-GTTTCCTTTGTGTCGGGAGC-3′) binding to exons 7 and 13, respectively, resulting in PCR fragments of 500 bp from the wild-type allele and 419 bp from the mutated allele (exon 10 skipping during splicing resulted in shorter fragments). Relative band intensities were quantified with Bio-Rad ImageLab v6.0 (Bio-Rad, Feldkirchen, Germany) using the “Auto-detect Bands” function and manual alignment. Values were compared between the eye receiving one of the U1-AAV2/8 and the PBS- or mock-injected control eye from the same animal. All RT-PCRs were technically replicated (two separate cDNA syntheses and two PCR analyses each) at least three times and the mean value was used for statistical analyses. We compared values from eyes that received the same therapeutic construct with control eyes resulting in the following group sizes for semi-quantitative RT-PCR analyses: PBS/GFP controls (n = 25), U1.wt_U6.wt (n = 9), U1.ad_U6.wt (n = 13) and U1.ad_U6.ad (n = 9).




2.5. Sanger Sequencing of Vectors and Opa1 Transcripts


PCR fragments were excised from agarose gels and purified using Macherey-Nagel’s NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s manual. DNA concentrations were measured with an Eppendorf BioSpectrometer (Eppendorf, Hamburg, Germany) and 10-20 ng of each sample were used for sequencing. Cycle sequencing was performed using BigDye Terminator v3.1 (Thermo Fisher, Darmstadt, Germany) with one of the primers applied in RT-PCR reactions. Alignment and verification with the reference sequence were performed in SnapGene v5.1.3.1 (GSL Biotech, San Diego, CA, USA).



Vectors were sequence verified either with primer BcuI_BshTI_U1_fwd, XbaI_U1_rev, XbaI_U6_fwd, or XbaI_U6_rev. Two vector-specific primers (pscAAV2_3prime_seq_R: 5′-gcaacaggaaaaacgctcatgg-3′ and pscAAV2_ ori_seq_fwd: 5′-gcgtcgatttttgtgatgctcg-3′) were also applied for Sanger sequencing.




2.6. Western-Blot Analysis


Retina and RPE were isolated and lysed in RIPA buffer supplemented with protease inhibitors (S8830, Merck, Taufkirchen, Germany). After 5 min incubation on ice, the supernatant was cleared from insoluble debris by centrifugation (10 min, 6000× g, 4 °C). 15 µg of protein lysate was loaded per lane, separated on a 10% PAGE, and blotted onto a PVDF-membrane. After blocking with 5% BSA/TBST for 1 h at room temperature, the membrane was incubated over night at 4 °C with an OPA1-specific antibody (1:1000 diluted, mouse anti-OPA1 clone 18, cat. 612607, BD Biosciences, Heidelberg, Germany) in blocking buffer. As loading control, a mouse anti-GAPDH antibody (Merck, Chemicon, MAB374) was used. A peroxidase-conjugated goat anti-mouse antibody (NB7539, Novus) was used as the secondary antibody, followed by ECL detection. Relative protein levels were calculated based on band intensity quantifications using ImageLab software (Bio-Rad, Feldkirchen, Germany).




2.7. Histological Analyses of Retinal Slices


Eyecups were prepared after euthanizing the animals. The cornea was pierced with a lancet at the border between cornea and sclera and the whole eye was incubated in 4% paraformaldehyde for 5 minutes. Afterwards, the cornea was cut off along the equator between cornea and sclera and eyecups were incubated for 2 hours in 4% PFA. Post fixation, eyecups were washed with PBS and incubated in PBS with 30% sucrose overnight at 4°C, followed by embedding in Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA, USA) and storage at −20°C until cutting (similar as previously described [38]).



Histological slices of 20 µm were cut from an area around the optic nerve and the middle third of the eyecup on a Thermo Scientific CryoStar NX70 cryotome (Thermo Fisher, Darmstadt, Germany). GFP and DAPI fluorescence was analyzed on an AxioScan Z1 microscope (Zeiss, Oberkochen, Germany) at 5–10× magnification. Adjacent slices from the region including the optic nerve head were used for further analyses.



Outer nuclear layer thickness was measured at two regions, proximal and distal to the optic nerve head, using FIJI software [40]. Analyzed groups included: wild-type/non-injected (n = 6), wild-type/U1.wt-injected (n = 5), wild-type/U1.ad-injected (n = 9), heterozygous/non-injected (n = 5), heterozygous/GFP-injected (n = 9), heterozygous/U1.wt-injected (n = 9) and heterozygous/U1.ad-injected (n = 16). For each n, retinal thickness was measured in 2-3 adjacent slices at both regions and the means were used for comparison between groups.




2.8. Electroretinogram (ERG) Measurements


Eyes were grouped by their fundus image into three categories of injection quality. The lowest quality category was excluded from ERG analyses. High and medium categories were analyzed by ERGs. Animals were dark-adapted overnight (>12 h) before ERG recordings. The animals were handled under dim red light (660 nm). Mice were anaesthetized with a mixture of Fentanyl (0.05 mg/kgbw), Medetomidin (0.5 mg/kgbw) and Midazolam (5 mg/kgbw) intraperitoneally and pupil-dilating eye-drops were applied (5% Neosynephrin and 1% Tropicamid) for 2 minutes. Eyes were moistened with a thin layer of ViscOphthal gel (Dr. Winzer Pharma GmbH, Berlin, Germany). Animals of either sex were used and their ages ranged from 3 to 8 months. For the ERG recordings, the experimenter was blinded to the treatment conditions of the eyes. Full-field ERGs were recorded binocularly. Two platinum coil electrodes were placed on the corneal surface of the left and right eye, respectively. A platinum needle reference electrode was inserted subcutaneously on the forehead. Another platinum needle grounding electrode was inserted at the base of the tail. Mice were placed on a custom-built temperature-regulated stage during the recording. Corneal potentials were amplified (500×) and bandpass filtered (0.1–300 Hz) using a differential amplifier (Model 3000, A-M Systems, WA, USA) and digitized at 10 kHz (PowerLab, ADInstruments). A calibrated Ganzfeld ERG stimulation arena was used for light stimulation (Q450, Roland Consult). ISCEV standard intensities were used [41]. For scotopic ERGs, white-light flashes with intensities of 0.0003, 0.0009, 0.003, 0.0095, 0.03, 0.095, 0.3, 0.95, 3, and 9.5 cd·s/m2 were used. Each intensity was repeated 10 times. Inter-stimulus intervals were 2 s for intensities 0.0003–0.0095 cd·s/m2, 5 s for intensities 0.03–0.3 cd·s/m2, 10 s for intensities 0.95–3 cd·s/m2, and 20 s for intensity 9.5 cd·s/m2, respectively. For photopic flash stimulation, the animals were light-adapted at a background intensity of 25 cd/m2 for 600 s. This intensity was also used as a background during the photopic stimulation, which consisted of 10 repetitions each, with intensities of 0.03, 0.095, 0.3, 0.95, 3, and 9.5 cd·s/m2. The a-wave amplitude was defined as the voltage minimum after stimulus onset (0–300 ms) relative to the average voltage before stimulus onset (−100–0 ms). The a-wave implicit time was defined as the time of the voltage minimum relative to the stimulus onset. The b-wave peak was defined as the maximum of the low-pass filtered (cutoff frequency: 75 Hz) response voltage in a time window of 0–300 ms after stimulus onset. The b-wave amplitude was measured from the trough of the a-wave to the b-wave peak. The b-wave implicit time was defined as the time of the voltage maximum relative to the stimulus onset. The a- and b-wave amplitudes and implicit times were visually inspected and manually corrected if necessary. In addition, a photopic flicker ERG was measured over a range of frequencies (2, 4, 8, 16, 32 Hz) at an intensity of 3 cd·s/m2. For a given intensity and frequency, responses were averaged across at least 10 stimulus periods and the amplitude was defined as the difference between the maximum and the minimum mean response.




2.9. Off-Target Gene Analyses


Potential off-target sites for mutation-adapted U1 were identified by bioinformatic searches for full binding sequence (GATGTAAAT) in coding regions of the mouse genome (mm39) and filtering by the following criteria: target sequence located between 50 and 200 bp downstream of the beginning of a coding exon (potentially shortening the exon if recognized as a bona fide donor site) or between 1 and 60 bp downstream of the beginning of an intron (potential for partial intron retention). Genes containing sites fitting these criteria were checked for expression in the visual system and association with retinal phenotypes on Mouse Gene Expression Database (http://www.informatics.jax.org/expression.shtml, accessed on 18 February 2021). For all of these genes with potential off-target effects, primers spanning the exon/intron region of the target sites were designed (Supplementary Table S1). RT-PCR and subsequent Sanger sequencing were performed on cDNA comparing injected and control eyes (n = 5 animals).




2.10. Statistical Analysis


Experiments were replicated at least three times unless otherwise specified. Data are presented as mean ± standard deviation (SD). Error bars indicate the SD. Statistical significance was calculated using Mann-Whitney U test of the R software package (version 3.6) unless otherwise specified (***: p < 0.001; **: p < 0.01; *: p < 0.05; n.s.: not significant, p > 0.05).





3. Results


3.1. Engineered U1 Treatment Rescues Opa1 Splice Defect


The Opa1enu/+ mouse model carries an Opa1:c.1065+5G>A SDS mutation that causes a splice defect leading to exon 10 skipping and thus an in-frame deletion of 81 nucleotides (Figure 1A,B) [30]. The mutation interferes with the base-pairing between the Opa1 SDS and the wild-type splice factors U1 and U6 (U1.wt and U6.wt; Figure 1A,B). To restore correct splicing of Opa1 exon 10, we generated engineered U1 and U6 that show full base pair complementarity to the mutated SDS of exon 10 (U1.ad and U6.ad; Figure 1C). We produced AAV2/8 vectors expressing different combinations of the engineered or wild-type U1 and U6: U1.wt_U6.wt, U1.ad_U6.wt, and U1.ad_U6.ad.



After treatment, we extracted total RNAs from whole eyecups and quantified Opa1 transcripts that either included or excluded exon 10 (Figure 1D,E). Sanger sequencing of RT-PCR products confirmed the identity of PCR fragments (Supplementary Figure S1). The ratio between wild-type Opa1 and mutant Opa1 transcripts skipping exon 10 was not altered in U1.wt_U6.wt injected eyes compared to contralateral mock injected eyes (Figure 1D). In contrast, injections of U1.ad_U6.wt or U1.ad_U6.ad showed therapeutic efficacy and increased the fraction of wild-type Opa1 transcripts at the expense of mutated Opa1 (Figure 1E and Supplementary Figure S2, respectively). Quantification of the relative RT-PCR band intensities from treated eyecups confirmed that U1.ad_U6.wt injections significantly increased the wild-type Opa1 transcripts, while reducing mutated Opa1 transcripts (U1.ad_U6.wt: 72.0 ± 3.4% (n = 13); U1.wt_U6.wt: 59.6 ± 1.7% (n = 9); PBS: 60.6 ± 1.9% (n = 25)) (Figure 1F). Similarly, a significant increase in Opa1 wild-type transcripts was detected in eyes treated with U1.ad_U6.ad (71.2 ± 2.4% (n = 9)) (Figure 1F). Differences in Opa1 splicing between U1.wt_U6.wt and mock injected eyes were not detected (Figure 1F). Notably, no significant differences between the two treatments, either U1.ad_U6.wt or U1.ad_U6.ad, were revealed (Figure 1F), indicating that the co-expression of engineered U1 and U6 did not improve the efficacy of Opa1 exon 10 inclusion to a detectable level. Consequently, we decided to continue our studies with U1.ad_U6.wt treatments only.



Taken together, our results show a significant increase of wild-type Opa1 transcript expression in the eye upon AAV2/8-mediated retinal treatment with engineered U1 splice factors. We did not observe unwanted splice-altering effects in Opa1 transcripts after treatment with either wild-type or engineered U1/U6.




3.2. Opa1 Protein Levels Are Increased upon U1 Therapy


Next, we compared Opa1 protein expression in total homogenates of untreated heterozygous mutant (Opa1enu/+) and wild-type (Opa1+/+) mouse eyes. Untreated Opa1enu/+ mice exhibited clearly reduced Opa1 levels compared to Opa1+/+ mice (Figure 2A). Left and right eyes from the same mouse showed highly similar Opa1 protein levels. Our findings confirmed previous observations: Protein levels of Opa1 were reduced by appr. 50% in mouse models and human fibroblasts carrying heterozygous Opa1 mutations [30,37].



To further evaluate the therapeutic potential of engineered U1, we asked whether the increase in wild-type Opa1 transcripts after U1 therapy translates into elevated Opa1 protein expression. To exclude inter-individual variability, we performed different injections into each of the two eyes of the same animals. Opa1enu/+ and Opa1+/+ mice were injected with U1.ad in one eye, whereas the contralateral eye received U1.wt as control. We compared the treatment effects by measuring Opa1 protein expression in Western blots. While there was no detectable difference between the injected eyes in wild-type mice (Figure 2B, left), treatment with engineered U1 increased Opa1 protein expression in mutant Opa1enu/+ mice (Figure 2B, right).



Quantification of Western blots was performed by comparing Opa1 expression of one eye (set to 100% as internal control) with the contralateral eye of the same animal. As expected, non-injected animals showed no significant difference in Opa1 protein levels between left and right eyes in both, Opa1enu/+ and Opa1+/+ mice (Figure 2A,C(left)). For injected animals, Opa1 levels in the U1.wt treated eye were set to 100% and compared to the contralateral U1.ad treated eye (see Figure 2B,C(right)). Our quantification showed that U1.ad treated Opa1enu/+ eyes had significantly increased Opa1 protein levels (114.1 ± 5.4%, n = 5, normalized to the contralateral control-eyes) (Figure 2C), consistent with the increase of wild-type Opa1 transcripts (Figure 1E,F). The effect was specific for Opa1enu/+ eyes. Opa1 protein levels in wild-type eyes were not affected by injection of engineered or wild-type U1 (101.4 ± 4.2%, n = 4).



In summary, the in vivo treatment of the retina with engineered U1 in Opa1enu/+ mutant eyes concomitantly increased Opa1 transcript and protein levels. Our results indicate efficacy of the splice correction therapy on the molecular level.




3.3. Off-Target Splicing Is Not Affected by the U1 Treatment


To analyze the RNA safety profile of the U1 treatment, we verified whether splicing alterations in potential off-target genes occurred following AAV2/8-U1 transduction of the retina. We analyzed genes previously associated with diseases of the visual system and bioinformatically identified potential binding sites of the engineered U1 (GATGTAAAT). This procedure predicted 57 or 37 binding sites with the potential to result in exon-truncation or intron-retention, respectively. From these two sets of binding sites, eleven U1 binding sites occurred in genes that have previously been associated with visual phenotypes (Supplementary Table S1). We analyzed the corresponding transcripts for splice alternating events and compared treated and control eyecups using RT-PCR (Supplementary Table S1). We did not detect alterations in either fragment sizes or intensities, and we did not find an association with the engineered U1 therapy (n = 5) (Figure 3). Sequencing the PCR products confirmed the wild-type sequences of the transcripts and did not identify sequence alterations in potential off-target transcripts (Figure 3). Despite several attempts, we were unable to establish RT-PCRs amplifying Ankrd35.



Overall, expression of engineered U1 did not induce detectable mis-splicing in visual system-associated transcripts. These results support the belief that splice defects in off-target transcripts are not an obvious side effect of U1 treatments.




3.4. Retinal Morphology Remains Inconspicuous after Subretinal AAV2/8 Injection


To monitor in vivo retinal morphology and transduction efficacy of AAV2/8 after subretinal therapy, we employed fundus imaging and collected full eyecups from sacrificed injected animals. Between three and eight weeks after injection, GFP signals were detectable across wide areas of the retina in fundus images of injected animals (Figure 4A–D). This observation was confirmed in retinal slices, mainly showing GFP signals in the retinal pigment epithelium (RPE) and photoreceptor layer (Figure 4A’–D’). The photoreceptor layer was widely transduced, but appeared to express less GFP than RPE cells (Figure 4C’’–D’’). These observations are in line with previously published data of transduction efficacies of the AAV2/8 serotype [38,42,43]. Taken together, our results show a successful and wide-spread transduction of outer retinal layers following a single subretinal injection of AAV2/8 viral particles that expressed engineered U1.



To elucidate potential side-effects of treatment with engineered U1 in the retina, we analyzed the retinal layer morphology. Compared to non-injected eyes (Opa1enu/+: n = 4, Opa1+/+: n = 8), retinal slices from the area around the optic nerve head showed inconspicuous morphology after injection of AAV2/8 expressing engineered U1 (Opa1enu/+: n = 14, Opa1+/+: n = 12), or wild-type U1 (Opa1enu/+: n = 8, Opa1+/+: n = 10), or GFP/PBS (Opa1enu/+: n = 19, Opa1+/+ : n = 12) (Figure 4A’–D’’). At the site of injection, the retina was mechanically damaged by the injection needle (Figure 4D’). While physical disruption of the retinal tissue at the injection site can be considered a side-effect, the retinae tolerated detachment/re-attachment during the course of therapy and showed no detectable morphological differences caused by our therapeutic intervention.



To detect potential degeneration of retinal cells, we quantified retinal thickness near the site of injection (Table 1). Measurements of outer nuclear layer (ONL) thickness in retinal slices at two regions, proximal and distal to the optic nerve head (see boxes p and d in Figure 4A’), revealed no significant difference (Supplementary Table S2). Thus, alterations of the retinal morphology, e.g., a thinning or swelling of the retina, were undetectable between injected and non-injected Opa1enu/+ animals (Table 1).



Taken together, we did not detect any significant differences in ONL thickness, neither in proximal nor distal retinal areas of the optic nerve head. Comparing retinae between Opa1+/+ and Opa1enu/+ animals and different treatments resulted in highly similar values. These results indicated the retinal morphology was not affected by the AAV2/8-mediated gene therapy applying engineered U1 splice factors.




3.5. Electroretinogram Responses Are Unaltered after U1 Treatments


To verify retinal function and to explore potential side-effects of the U1 treatment, we performed Ganzfeld ERG measurements under photopic and scotopic conditions and compared U1-treated, mock-injected and control eyes. Following the ERG measurement, histological analyses of all analyzed eyes detected only minor mechanical damages caused by the injection procedures and confirmed wide-spread GFP signals across the retinae. Amplitude, waveform, and timing of the a-wave—reflecting the activity of the photoreceptors—were unaltered between treated and control eyes (Figure 5A–D). Furthermore, the b-wave, which reflects excitation and activity of bipolar cells in the inner retina, showed no significant differences across treatment conditions (Figure 5A–D). Groups tested were: injected with U1.ad_U6.wt (n = 7); mock-injected (n = 9); and non-injected (n = 24) (Figure 5B–D). The flicker ERG showed no significant difference between the therapeutic construct, control construct, and the non-injected groups, with overlapping confidence intervals (Supplementary Figure S3).



Overall, our data supported that AAV2/8-mediated U1 treatments of retinal diseases may be considered an efficient and safe gene therapeutic approach that lacks obvious side-effects towards retinal functionality, morphology and splicing.





4. Discussion


We evaluated the efficacy and safety of engineered U1 as a gene therapeutic agent in the retina. We made use of an ADOA mouse model carrying a splice-site mutation in the Opa1 gene and show that subretinal delivery of engineered U1 via AAV2/8 leads to transduction of the RPE and photoreceptor layers. Following the U1 treatment, we detected increased wild-type Opa1 expression on the transcript and protein level. Short-term side-effects of the U1-therapy were not detected, especially not on functional level (ERG). The results presented herein suggested that this therapeutic approach might be considered for further evaluation in RGCs, conceivably even in human clinical trials.



The Opa1enu/+ mouse model is well-suited to evaluate treatments of splice defects, i.e., the Opa1enu/+ mutation leads to exon skipping [30], one of the most frequently observed mutation-induced splice defects. However, the Opa1enu/+-mouse model is less suitable to evaluate short-term safety and efficacy of RGC-specific treatments; variability and late onset as well as slow progression of RGC degeneration imply obstacles to short-term phenotypic evaluations [30]. Thus, we did not target RGCs, the most affected cell type in ADOA, but RPE and photoreceptor cells, the most abundant and highly vulnerable cell types in the retina. Their high abundance allowed us to analyze short-term efficacy and safety of the U1-mediated treatment in vivo, with the clear advantage of circumventing more emulated in vitro measurements with enriched and cultivated cells types from the retina. Safety and efficacy of the U1 treatment had not been analyzed in the in vivo retina before. The analyzed cell types enable well-established, highly-sensitive molecular (Figure 3), morphological (Figure 4 and Table 1), and physiological measurements (Figure 5) likely to detect potential short-term side-effects that might be associated with therapeutic interventions.



Efficient and sustained transduction of RPE and photoreceptor layers was previously achieved after subretinal AAV2/8 injections [42,43,44,45]. Therapeutic effects were transferred to the retina using subretinal injection of AAV2/8, e.g., inhibiting neovascularization [46]. Even more significant, subretinal injections were applied in approved gene therapies to treat retinal diseases in human, e.g., for RPE65 deficiencies [47,48,49]. Delivery routes of gene therapies were only accompanied by minor side effects [50], further supporting the enormous potential of genetic treatments in the retina.



Our present study was designed as a proof-of-concept at an early stage of retinal therapy. Hence, we did not investigate long-term therapeutic effects nor did we aim at attenuating or reversing the pathogenesis of ADOA. While we were able to show that the U1 therapy increases Opa1 expression on the molecular level—the precondition for any functional therapy—we did not address if the U1 treatment rescues mitochondrial functions or attenuates RGC degeneration on the cellular level; this will require future long-term studies. For isolated RGCs from Opa1Q285STOP mice, mitochondrial functions were shown to be compromised [51]. It will be interesting to evaluate whether similar effects can be observed in Opa1enu/+ derived RGCs and whether they can be rescued applying the U1 therapy.



Haploinsufficiency is the major disease mechanism underlying OPA1 mutations, i.e., the disease is caused by the loss of gene dose from a single allele that carries a heterozygous mutation [52]. Engineered U1 resulted in a significant upregulation of correctly spliced Opa1 transcripts from the mutated allele. Given the loss or very mild disease expression frequently observed in OPA1-linked ADOA [53,54], it is likely that the increased expression levels of Opa1 will attenuate or even stop the disease progression. Importantly, about 10–20% of all mutations affect splicing, an observation that is almost independent from the affected gene and thus, raises the chance to apply U1 therapies to many different genetic diseases [55].



We applied engineered U1 which showed increased binding capacities to the mutated SDS in order to recruit downstream splicing factors and to initiate normal splicing despite of the mutation [2,56,57]. The U1 therapy targets pre-mRNA transcripts derived specifically from the mutated allele and shows the capacity to restore expression levels and isoform ratios of the targeted gene within physiological ranges. In contrast, gene replacement/augmentation strategies typically overexpress a single protein isoform along with limited capacities in restoring physiological expression ratio among isoforms. Notably, viral vectors provide restricted insert sizes—a further limitation to gene augmentation therapies of large genes. In contrast, U1 expression cassettes are only a few hundred base pairs in size and can easily be applied using all viral vectors. The natural chromosomal context of the affected gene and hence regulation of gene expression is maintained, i.e., the endogenous promotor, pre-mRNA processing, and ratios of splice isoforms are not affected.



Opa1 is a ubiquitously expressed gene in which different isoforms are relevant to its multiple mitochondrial functions [29,58,59]. Mis-regulated expression of single isoforms or transcripts may thus counteract therapeutic effects. For the complete fusion of mitochondrial inner membranes both, the short and long isoform of Opa1 are required at stoichiometric levels [60,61,62], whereas an excess of the short isoform inhibits fusion [62]. These findings suggested that gene augmentation therapies for OPA1 may have limited therapeutic efficacy. However, studies in a different Opa1 mutant mouse line (Opa1delTTAG) showed some promising therapeutic efficacy by overexpression of a single wild-type Opa1 isoform including the restoration of visual function and preventing RGC loss [32]. In mice with rotenone induced mitochondrial dysfunction, gene augmentation using single Opa1 isoforms protected spatial visual function [63]. However, a thorough safety study on gene augmentation therapy for OPA1 has not been conducted. Regardless, U1-based therapies may provide attractive alternatives to gene augmentation approaches.



While subretinal injections mechanically disrupts the retina at the point of injection, reversible retinal detachment after application of the viral suspension was observed. The viral therapeutic agent did not lead to obvious side effects on retinal morphology. Our findings are in line with other studies showing ONL thickness in the range of approx. 54 µm to 57 µm in retinae of C57BL/6 mice [64,65]. In future studies, an intravitreal injection method and different AAV serotypes might be favorable to minimize mechanical stress to the retina and to specifically target RGCs [38,66]. However, the inner limiting membrane might reduce efficient transduction of retinal cells and transduction is mainly limited to retinal cells facing the vitreous [67]. Compared to subretinal injections, intravitreal injections exhibit a higher risk for intraocular inflammation and humoral immune response [68].



Mutations in the 5′ SDS binding region of U1 snRNA, i.e., r.3A>G and r.3A>C that pair with the +6 position of the splice donor site, have been associated with specific forms of cancer [69,70], highlighting the need for careful safety evaluation for therapies based on engineered U1. Importantly, the critical r.3A nucleotide has not been modified in our engineered U1 (see Figure 1A–C) and we did not observe any indication for cancerous cell alterations in the treated retinae. Furthermore, our data did not indicate off-target effects of the treatment on the molecular level, i.e., mis-splicing events caused by the U1 treatment. Apart from RNA and morphological analyses, we also tested for potential side-effects of the U1-based treatment on retinal functionality. ERG measurements of eyes injected with engineered U1 showed no significant differences in parameters representing outer retina function (including photoreceptors and bipolar cells). Although our molecular, morphological and functional analyses of the retina did not suggest splice defects in off-target transcripts, we cannot completely exclude this possibility; future studies might include transcriptome analyses to further address this issue.



Together, we showed for the first time that retinal applications of U1-based gene therapies lead to promising treatment profiles, providing support for further development towards splice donor site treatments of many different retinal diseases. Our findings strongly support that the U1 therapy, as presented herein, did not alter physiological function of the retina. Engineered U1 delivered via AAV2/8 to eyes of Opa1enu/+ mice led to a significant increase in Opa1 wild-type expression while showing no indications for short-term side-effects on splicing, retinal morphology, and retinal physiology. Future studies will verify these findings in RGCs, investigate long-term safety and efficacy of treatments, and will aim to further evaluate the potential of this promising therapeutic approach towards clinical trials.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells12060955/s1, Figure S1: Sequence verification of Opa1 wild-type and exon 10 skipping PCR fragments; Figure S2: RT-PCR analyses of Opa1 splicing after treatment with engineered U1 and U6 in three Opa1enu/+ mice; Figure S3: U1-mediated side effects on retinal function were not detected by flicker electroretinography; Table S1: Primer sequences for off-target analyses; Table S2: Comparison of ONL thickness in central retinal slices by injected construct.





Author Contributions


Conceptualization, J.N.; Methodology, S.S., O.M. and M.A.; Investigation, S.S., O.M. and M.A.; Resources, B.W., M.G. and J.N.; Writing—original draft, S.S., M.A. and C.J.; Writing—review & editing, M.G., C.J. and J.N.; Visualization, S.S., M.A. and C.J.; Supervision, M.G. and J.N.; Project administration, J.N.; Funding acquisition, J.N.. All authors have read and agreed to the published version of the manuscript.




Funding


J.N. acknowledges funding by a grant of the Deutsche Forschungsgemeinschaft (NE2118/2-1) as part of a joint research project ‘TreatOPON’ within the framework of the ERA-NET E-Rare 3 call.




Institutional Review Board Statement


The animal study protocol was approved by the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES, ref. no. 15-1829).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors thank Klaus Dieter Hübel for his help in breeding the animals at our facility and Sonja Zimmer for help in cloning and testing engineered U1/U6 constructs.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Wang, Z.; Burge, C.B. Splicing regulation: From a parts list of regulatory elements to an integrated splicing code. RNA 2008, 14, 802–813. [Google Scholar] [CrossRef] [PubMed]

	



Will, C.L.; Luhrmann, R. Spliceosome structure and function. Cold Spring Harb. Perspect. Biol. 2011, 3, a003707. [Google Scholar] [CrossRef] [PubMed]

	



Wahl, M.C.; Will, C.L.; Luhrmann, R. The spliceosome: Design principles of a dynamic RNP machine. Cell 2009, 136, 701–718. [Google Scholar] [CrossRef] [PubMed]

	



Lund, M.; Kjems, J. Defining a 5′ splice site by functional selection in the presence and absence of U1 snRNA 5′ end. RNA 2002, 8, 166–179. [Google Scholar] [CrossRef] [PubMed]

	



Kandels-Lewis, S.; Seraphin, B. Involvement of U6 snRNA in 5′ splice site selection. Science 1993, 262, 2035–2039. [Google Scholar] [CrossRef]

	



Lesser, C.F.; Guthrie, C. Mutations in U6 snRNA that alter splice site specificity: Implications for the active site. Science 1993, 262, 1982–1988. [Google Scholar] [CrossRef]

	



Krawczak, M.; Reiss, J.; Cooper, D.N. The mutational spectrum of single base-pair substitutions in mRNA splice junctions of human genes: Causes and consequences. Hum. Genet. 1992, 90, 41–54. [Google Scholar] [CrossRef]

	



Zhuang, Y.; Weiner, A.M. A compensatory base change in U1 snRNA suppresses a 5′ splice site mutation. Cell 1986, 46, 827–835. [Google Scholar] [CrossRef]

	



Breuel, S.; Vorm, M.; Brauer, A.U.; Owczarek-Lipska, M.; Neidhardt, J. Combining Engineered U1 snRNA and Antisense Oligonucleotides to Improve the Treatment of a BBS1 Splice Site Mutation. Mol. Ther. Nucleic Acids 2019, 18, 123–130. [Google Scholar] [CrossRef]

	



Balestra, D.; Giorgio, D.; Bizzotto, M.; Fazzari, M.; Ben Zeev, B.; Pinotti, M.; Landsberger, N.; Frasca, A. Splicing Mutations Impairing CDKL5 Expression and Activity Can be Efficiently Rescued by U1snRNA-Based Therapy. Int. J. Mol. Sci. 2019, 20, 4130. [Google Scholar] [CrossRef]

	



Matos, L.; Canals, I.; Dridi, L.; Choi, Y.; Prata, M.J.; Jordan, P.; Desviat, L.R.; Perez, B.; Pshezhetsky, A.V.; Grinberg, D.; et al. Therapeutic strategies based on modified U1 snRNAs and chaperones for Sanfilippo C splicing mutations. Orphanet J. Rare Dis. 2014, 9, 180. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, F.; Hiller, T.; Korner, G.; Glaus, E.; Berger, W.; Neidhardt, J. A gene therapeutic approach to correct splice defects with modified U1 and U6 snRNPs. Hum. Gene Ther. 2013, 24, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



van der Woerd, W.L.; Mulder, J.; Pagani, F.; Beuers, U.; Houwen, R.H.; van de Graaf, S.F. Analysis of aberrant pre-messenger RNA splicing resulting from mutations in ATP8B1 and efficient in vitro rescue by adapted U1 small nuclear RNA. Hepatology 2015, 61, 1382–1391. [Google Scholar] [CrossRef]

	



Pinotti, M.; Rizzotto, L.; Balestra, D.; Lewandowska, M.A.; Cavallari, N.; Marchetti, G.; Bernardi, F.; Pagani, F. U1-snRNA-mediated rescue of mRNA processing in severe factor VII deficiency. Blood 2008, 111, 2681–2684. [Google Scholar] [CrossRef]

	



Tanner, G.; Glaus, E.; Barthelmes, D.; Ader, M.; Fleischhauer, J.; Pagani, F.; Berger, W.; Neidhardt, J. Therapeutic strategy to rescue mutation-induced exon skipping in rhodopsin by adaptation of U1 snRNA. Hum. Mutat. 2009, 30, 255–263. [Google Scholar] [CrossRef]

	



Glaus, E.; Schmid, F.; Da Costa, R.; Berger, W.; Neidhardt, J. Gene therapeutic approach using mutation-adapted U1 snRNA to correct a RPGR splice defect in patient-derived cells. Mol. Ther. J. Am. Soc. Gene Ther. 2011, 19, 936–941. [Google Scholar] [CrossRef]

	



Schmid, F.; Glaus, E.; Barthelmes, D.; Fliegauf, M.; Gaspar, H.; Nurnberg, G.; Nurnberg, P.; Omran, H.; Berger, W.; Neidhardt, J. U1 snRNA-mediated gene therapeutic correction of splice defects caused by an exceptionally mild BBS mutation. Hum. Mutat. 2011, 32, 815–824. [Google Scholar] [CrossRef] [PubMed]

	



Boussaad, I.; Obermaier, C.D.; Hanss, Z.; Bobbili, D.R.; Bolognin, S.; Glaab, E.; Wolynska, K.; Weisschuh, N.; De Conti, L.; May, C.; et al. A patient-based model of RNA mis-splicing uncovers treatment targets in Parkinson′s disease. Sci. Transl. Med. 2020, 12, eaau3960. [Google Scholar] [CrossRef]

	



Balestra, D.; Faella, A.; Margaritis, P.; Cavallari, N.; Pagani, F.; Bernardi, F.; Arruda, V.R.; Pinotti, M. An engineered U1 small nuclear RNA rescues splicing defective coagulation F7 gene expression in mice. J. Thromb. Haemost. 2014, 12, 177–185. [Google Scholar] [CrossRef] [PubMed]

	



Balestra, D.; Scalet, D.; Ferrarese, M.; Lombardi, S.; Ziliotto, N.; C, C.C.; Petersen, N.; Bosma, P.; Riccardi, F.; Pagani, F.; et al. A Compensatory U1snRNA Partially Rescues FAH Splicing and Protein Expression in a Splicing-Defective Mouse Model of Tyrosinemia Type I. Int. J. Mol. Sci. 2020, 21, 2136. [Google Scholar] [CrossRef]

	



Lee, N.C.; Lee, Y.M.; Chen, P.W.; Byrne, B.J.; Hwu, W.L. Mutation-adapted U1 snRNA corrects a splicing error of the dopa decarboxylase gene. Hum. Mol. Genet. 2016, 25, 5142–5147. [Google Scholar] [CrossRef] [PubMed]

	



Kjer, P.; Jensen, O.A.; Klinken, L. Histopathology of eye, optic nerve and brain in a case of dominant optic atrophy. Acta Ophthalmol. 1983, 61, 300–312. [Google Scholar] [CrossRef] [PubMed]

	



Alexander, C.; Votruba, M.; Pesch, U.E.; Thiselton, D.L.; Mayer, S.; Moore, A.; Rodriguez, M.; Kellner, U.; Leo-Kottler, B.; Auburger, G.; et al. OPA1, encoding a dynamin-related GTPase, is mutated in autosomal dominant optic atrophy linked to chromosome 3q28. Nat. Genet. 2000, 26, 211–215. [Google Scholar] [CrossRef] [PubMed]

	



Delettre, C.; Lenaers, G.; Griffoin, J.M.; Gigarel, N.; Lorenzo, C.; Belenguer, P.; Pelloquin, L.; Grosgeorge, J.; Turc-Carel, C.; Perret, E.; et al. Nuclear gene OPA1, encoding a mitochondrial dynamin-related protein, is mutated in dominant optic atrophy. Nat. Genet. 2000, 26, 207–210. [Google Scholar] [CrossRef]

	



Le Roux, B.; Lenaers, G.; Zanlonghi, X.; Amati-Bonneau, P.; Chabrun, F.; Foulonneau, T.; Caignard, A.; Leruez, S.; Gohier, P.; Procaccio, V.; et al. OPA1: 516 unique variants and 831 patients registered in an updated centralized Variome database. Orphanet J. Rare Dis. 2019, 14, 214. [Google Scholar] [CrossRef]

	



Kjer, B.; Eiberg, H.; Kjer, P.; Rosenberg, T. Dominant optic atrophy mapped to chromosome 3q region. II. Clinical and epidemiological aspects. Acta Ophthalmol. Scand. 1996, 74, 3–7. [Google Scholar] [CrossRef]

	



Votruba, M.; Moore, A.T.; Bhattacharya, S.S. Clinical features, molecular genetics, and pathophysiology of dominant optic atrophy. J. Med. Genet. 1998, 35, 793–800. [Google Scholar] [CrossRef]

	



Votruba, M.; Fitzke, F.W.; Holder, G.E.; Carter, A.; Bhattacharya, S.S.; Moore, A.T. Clinical features in affected individuals from 21 pedigrees with dominant optic atrophy. Arch. Ophthalmol. 1998, 116, 351–358. [Google Scholar] [CrossRef]

	



Lenaers, G.; Neutzner, A.; Le Dantec, Y.; Juschke, C.; Xiao, T.; Decembrini, S.; Swirski, S.; Kieninger, S.; Agca, C.; Kim, U.S.; et al. Dominant optic atrophy: Culprit mitochondria in the optic nerve. Prog. Retin. Eye Res. 2021, 83, 100935. [Google Scholar] [CrossRef]

	



Alavi, M.V.; Bette, S.; Schimpf, S.; Schuettauf, F.; Schraermeyer, U.; Wehrl, H.F.; Ruttiger, L.; Beck, S.C.; Tonagel, F.; Pichler, B.J.; et al. A splice site mutation in the murine Opa1 gene features pathology of autosomal dominant optic atrophy. Brain 2007, 130, 1029–1042. [Google Scholar] [CrossRef]

	



Davies, V.J.; Hollins, A.J.; Piechota, M.J.; Yip, W.; Davies, J.R.; White, K.E.; Nicols, P.P.; Boulton, M.E.; Votruba, M. Opa1 deficiency in a mouse model of autosomal dominant optic atrophy impairs mitochondrial morphology, optic nerve structure and visual function. Hum. Mol. Genet. 2007, 16, 1307–1318. [Google Scholar] [CrossRef] [PubMed]

	



Sarzi, E.; Seveno, M.; Piro-Megy, C.; Elziere, L.; Quiles, M.; Pequignot, M.; Muller, A.; Hamel, C.P.; Lenaers, G.; Delettre, C. OPA1 gene therapy prevents retinal ganglion cell loss in a Dominant Optic Atrophy mouse model. Sci. Rep. 2018, 8, 2468. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Wakabayashi, N.; Wakabayashi, J.; Tamura, Y.; Song, W.J.; Sereda, S.; Clerc, P.; Polster, B.M.; Aja, S.M.; Pletnikov, M.V.; et al. The dynamin-related GTPase Opa1 is required for glucose-stimulated ATP production in pancreatic beta cells. Mol. Biol. Cell 2011, 22, 2235–2245. [Google Scholar] [CrossRef] [PubMed]

	



Alavi, M.V.; Fuhrmann, N.; Nguyen, H.P.; Yu-Wai-Man, P.; Heiduschka, P.; Chinnery, P.F.; Wissinger, B. Subtle neurological and metabolic abnormalities in an Opa1 mouse model of autosomal dominant optic atrophy. Exp. Neurol. 2009, 220, 404–409. [Google Scholar] [CrossRef]

	



Gonzalez-Menendez, I.; Reinhard, K.; Tolivia, J.; Wissinger, B.; Munch, T.A. Influence of Opa1 Mutation on Survival and Function of Retinal Ganglion Cells. Investig. Ophthalmol. Vis. Sci. 2015, 56, 4835–4845. [Google Scholar] [CrossRef]

	



Heiduschka, P.; Schnichels, S.; Fuhrmann, N.; Hofmeister, S.; Schraermeyer, U.; Wissinger, B.; Alavi, M.V. Electrophysiological and histologic assessment of retinal ganglion cell fate in a mouse model for OPA1-associated autosomal dominant optic atrophy. Investig. Ophthalmol. Vis. Sci. 2010, 51, 1424–1431. [Google Scholar] [CrossRef]

	



Juschke, C.; Klopstock, T.; Catarino, C.B.; Owczarek-Lipska, M.; Wissinger, B.; Neidhardt, J. Autosomal dominant optic atrophy: A novel treatment for OPA1 splice defects using U1 snRNA adaption. Mol. Ther. Nucleic Acids 2021, 26, 1186–1197. [Google Scholar] [CrossRef]

	



Da Costa, R.; Roger, C.; Segelken, J.; Barben, M.; Grimm, C.; Neidhardt, J. A Novel Method Combining Vitreous Aspiration and Intravitreal AAV2/8 Injection Results in Retina-Wide Transduction in Adult Mice. Investig. Ophthalmol. Vis. Sci. 2016, 57, 5326–5334. [Google Scholar] [CrossRef]

	



Irigoyen, C.; Amenabar Alonso, A.; Sanchez-Molina, J.; Rodriguez-Hidalgo, M.; Lara-Lopez, A.; Ruiz-Ederra, J. Subretinal Injection Techniques for Retinal Disease: A Review. J. Clin. Med. 2022, 11, 4717. [Google Scholar] [CrossRef]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef]

	



McCulloch, D.L.; Marmor, M.F.; Brigell, M.G.; Hamilton, R.; Holder, G.E.; Tzekov, R.; Bach, M. ISCEV Standard for full-field clinical electroretinography (2015 update). Doc. Ophthalmol. 2015, 130, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Natkunarajah, M.; Trittibach, P.; McIntosh, J.; Duran, Y.; Barker, S.E.; Smith, A.J.; Nathwani, A.C.; Ali, R.R. Assessment of ocular transduction using single-stranded and self-complementary recombinant adeno-associated virus serotype 2/8. Gene Ther. 2008, 15, 463–467. [Google Scholar] [CrossRef] [PubMed]

	



Allocca, M.; Mussolino, C.; Garcia-Hoyos, M.; Sanges, D.; Iodice, C.; Petrillo, M.; Vandenberghe, L.H.; Wilson, J.M.; Marigo, V.; Surace, E.M.; et al. Novel adeno-associated virus serotypes efficiently transduce murine photoreceptors. J. Virol. 2007, 81, 11372–11380. [Google Scholar] [CrossRef] [PubMed]

	



Igarashi, T.; Miyake, K.; Asakawa, N.; Miyake, N.; Shimada, T.; Takahashi, H. Direct comparison of administration routes for AAV8-mediated ocular gene therapy. Curr. Eye Res. 2013, 38, 569–577. [Google Scholar] [CrossRef]

	



Lebherz, C.; Maguire, A.; Tang, W.; Bennett, J.; Wilson, J.M. Novel AAV serotypes for improved ocular gene transfer. J. Gene Med. 2008, 10, 375–382. [Google Scholar] [CrossRef] [PubMed]

	



Igarashi, T.; Miyake, K.; Masuda, I.; Takahashi, H.; Shimada, T. Adeno-associated vector (type 8)-mediated expression of soluble Flt-1 efficiently inhibits neovascularization in a murine choroidal neovascularization model. Hum. Gene Ther. 2010, 21, 631–637. [Google Scholar] [CrossRef] [PubMed]

	



Hauswirth, W.W.; Aleman, T.S.; Kaushal, S.; Cideciyan, A.V.; Schwartz, S.B.; Wang, L.; Conlon, T.J.; Boye, S.L.; Flotte, T.R.; Byrne, B.J.; et al. Treatment of leber congenital amaurosis due to RPE65 mutations by ocular subretinal injection of adeno-associated virus gene vector: Short-term results of a phase I trial. Hum. Gene Ther. 2008, 19, 979–990. [Google Scholar] [CrossRef]

	



Maguire, A.M.; Simonelli, F.; Pierce, E.A.; Pugh, E.N., Jr.; Mingozzi, F.; Bennicelli, J.; Banfi, S.; Marshall, K.A.; Testa, F.; Surace, E.M.; et al. Safety and efficacy of gene transfer for Leber’s congenital amaurosis. N. Engl. J. Med. 2008, 358, 2240–2248. [Google Scholar] [CrossRef]

	



Russell, S.; Bennett, J.; Wellman, J.A.; Chung, D.C.; Yu, Z.F.; Tillman, A.; Wittes, J.; Pappas, J.; Elci, O.; McCague, S.; et al. Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-mediated inherited retinal dystrophy: A randomised, controlled, open-label, phase 3 trial. Lancet 2017, 390, 849–860. [Google Scholar] [CrossRef]

	



Nuzbrokh, Y.; Kassotis, A.S.; Ragi, S.D.; Jauregui, R.; Tsang, S.H. Treatment-Emergent Adverse Events in Gene Therapy Trials for Inherited Retinal Diseases: A Narrative Review. Ophthalmol. Ther. 2020, 9, 709–724. [Google Scholar] [CrossRef]

	



Sun, S.; Erchova, I.; Sengpiel, F.; Votruba, M. Opa1 Deficiency Leads to Diminished Mitochondrial Bioenergetics With Compensatory Increased Mitochondrial Motility. Investig. Ophthalmol. Vis. Sci. 2020, 61, 42. [Google Scholar] [CrossRef] [PubMed]

	



Pesch, U.E.; Leo-Kottler, B.; Mayer, S.; Jurklies, B.; Kellner, U.; Apfelstedt-Sylla, E.; Zrenner, E.; Alexander, C.; Wissinger, B. OPA1 mutations in patients with autosomal dominant optic atrophy and evidence for semi-dominant inheritance. Hum. Mol. Genet. 2001, 10, 1359–1368. [Google Scholar] [CrossRef] [PubMed]

	



Cohn, A.C.; Toomes, C.; Potter, C.; Towns, K.V.; Hewitt, A.W.; Inglehearn, C.F.; Craig, J.E.; Mackey, D.A. Autosomal dominant optic atrophy: Penetrance and expressivity in patients with OPA1 mutations. Am. J. Ophthalmol. 2007, 143, 656–662. [Google Scholar] [CrossRef]

	



Xu, X.; Wang, P.; Jia, X.; Sun, W.; Li, S.; Xiao, X.; Hejtmancik, J.F.; Zhang, Q. Pathogenicity evaluation and the genotype-phenotype analysis of OPA1 variants. Mol. Genet. Genom. 2021, 296, 845–862. [Google Scholar] [CrossRef] [PubMed]

	



Hwu, W.L.; Lee, Y.M.; Lee, N.C. Gene therapy with modified U1 small nuclear RNA. Expert. Rev. Endocrinol. Metab. 2017, 12, 171–175. [Google Scholar] [CrossRef]

	



Ast, G. How did alternative splicing evolve? Nat. Rev. Genet. 2004, 5, 773–782. [Google Scholar] [CrossRef]

	



Faustino, N.A.; Cooper, T.A. Pre-mRNA splicing and human disease. Genes Dev. 2003, 17, 419–437. [Google Scholar] [CrossRef]

	



Akepati, V.R.; Muller, E.C.; Otto, A.; Strauss, H.M.; Portwich, M.; Alexander, C. Characterization of OPA1 isoforms isolated from mouse tissues. J. Neurochem. 2008, 106, 372–383. [Google Scholar] [CrossRef]

	



Delettre, C.; Griffoin, J.M.; Kaplan, J.; Dollfus, H.; Lorenz, B.; Faivre, L.; Lenaers, G.; Belenguer, P.; Hamel, C.P. Mutation spectrum and splicing variants in the OPA1 gene. Hum. Genet. 2001, 109, 584–591. [Google Scholar] [CrossRef]

	



Del Dotto, V.; Mishra, P.; Vidoni, S.; Fogazza, M.; Maresca, A.; Caporali, L.; McCaffery, J.M.; Cappelletti, M.; Baruffini, E.; Lenaers, G.; et al. OPA1 Isoforms in the Hierarchical Organization of Mitochondrial Functions. Cell Rep. 2017, 19, 2557–2571. [Google Scholar] [CrossRef]

	



Song, Z.; Chen, H.; Fiket, M.; Alexander, C.; Chan, D.C. OPA1 processing controls mitochondrial fusion and is regulated by mRNA splicing, membrane potential, and Yme1L. J. Cell Biol. 2007, 178, 749–755. [Google Scholar] [CrossRef]

	



Ge, Y.; Shi, X.; Boopathy, S.; McDonald, J.; Smith, A.W.; Chao, L.H. Two forms of Opa1 cooperate to complete fusion of the mitochondrial inner-membrane. eLife 2020, 9, e50973. [Google Scholar] [CrossRef] [PubMed]

	



Maloney, D.M.; Chadderton, N.; Millington-Ward, S.; Palfi, A.; Shortall, C.; O’Byrne, J.J.; Cassidy, L.; Keegan, D.; Humphries, P.; Kenna, P.; et al. Optimized OPA1 Isoforms 1 and 7 Provide Therapeutic Benefit in Models of Mitochondrial Dysfunction. Front. Neurosci. 2020, 14, 571479. [Google Scholar] [CrossRef] [PubMed]

	



Berger, A.; Cavallero, S.; Dominguez, E.; Barbe, P.; Simonutti, M.; Sahel, J.A.; Sennlaub, F.; Raoul, W.; Paques, M.; Bemelmans, A.P. Spectral-domain optical coherence tomography of the rodent eye: Highlighting layers of the outer retina using signal averaging and comparison with histology. PLoS ONE 2014, 9, e96494. [Google Scholar] [CrossRef]

	



Dysli, C.; Enzmann, V.; Sznitman, R.; Zinkernagel, M.S. Quantitative Analysis of Mouse Retinal Layers Using Automated Segmentation of Spectral Domain Optical Coherence Tomography Images. Transl. Vis. Sci. Technol. 2015, 4, 9. [Google Scholar] [CrossRef] [PubMed]

	



Hellstrom, M.; Ruitenberg, M.J.; Pollett, M.A.; Ehlert, E.M.; Twisk, J.; Verhaagen, J.; Harvey, A.R. Cellular tropism and transduction properties of seven adeno-associated viral vector serotypes in adult retina after intravitreal injection. Gene Ther. 2009, 16, 521–532. [Google Scholar] [CrossRef] [PubMed]

	



Dalkara, D.; Kolstad, K.D.; Caporale, N.; Visel, M.; Klimczak, R.R.; Schaffer, D.V.; Flannery, J.G. Inner limiting membrane barriers to AAV-mediated retinal transduction from the vitreous. Mol. Ther. J. Am. Soc. Gene Ther. 2009, 17, 2096–2102. [Google Scholar] [CrossRef]

	



Reichel, F.F.; Peters, T.; Wilhelm, B.; Biel, M.; Ueffing, M.; Wissinger, B.; Bartz-Schmidt, K.U.; Klein, R.; Michalakis, S.; Fischer, M.D.; et al. Humoral Immune Response After Intravitreal But Not After Subretinal AAV8 in Primates and Patients. Investig. Ophthalmol. Vis. Sci. 2018, 59, 1910–1915. [Google Scholar] [CrossRef]

	



Shuai, S.; Suzuki, H.; Diaz-Navarro, A.; Nadeu, F.; Kumar, S.A.; Gutierrez-Fernandez, A.; Delgado, J.; Pinyol, M.; Lopez-Otin, C.; Puente, X.S.; et al. The U1 spliceosomal RNA is recurrently mutated in multiple cancers. Nature 2019, 574, 712–716. [Google Scholar] [CrossRef]

	



Suzuki, H.; Kumar, S.A.; Shuai, S.; Diaz-Navarro, A.; Gutierrez-Fernandez, A.; De Antonellis, P.; Cavalli, F.M.G.; Juraschka, K.; Farooq, H.; Shibahara, I.; et al. Recurrent noncoding U1 snRNA mutations drive cryptic splicing in SHH medulloblastoma. Nature 2019, 574, 707–711. [Google Scholar] [CrossRef]








[image: Cells 12 00955 g001 550] 





Figure 1. Correcting Opa1 splice defects with engineered U1 splice factors. (A) Wild-type U1 (U1.wt) binds with seven Watson-Crick base-pairings to the Opa1 wild-type splice donor site of exon 10. Wild-type U6 (U6.wt) binds with only two base-pairings to the Opa1 pre-mRNA. (B) The mutation c.1065+5G>A abolishes Watson-Crick base-pairing at the highly-conserved +5 position in the intron (highlighted in red), leading to skipping of exon 10 during splicing. (C) Our treatment strategy uses engineered U1 (U1.ad) to overcome the effect of the mutation c.1065+5G>A and to bind to all nine base pairings of the mutated splice donor site of exon 10 in Opa1. Engineered U6 (U6.ad) can bind with all three possible base-pairings. (D,E) RT-PCR analyses of Opa1 splicing after treatment with engineered U1 in three Opa1enu/+ mice each. The larger RT-PCR fragment corresponds to the correctly spliced wild-type Opa1, the shorter corresponds to Opa1 skipping exon 10. (D) The U1.wt_U6.wt treatment did not change Opa1 splicing in Opa1enu/+ eyes compared to the contralateral mock (GFP) controls. (E) The fraction of correctly spliced wild-type Opa1 transcripts was increased upon treatment with U1.ad_U6.wt compared to the contralateral mock control. (F) Quantification of Opa1 wild-type and exon10 skipping fragments revealed a significant increase in relative wild-type band intensity (with respect to total Opa1 transcripts) upon treatment with U1.ad. Statistical significances were calculated by Mann-Whitney U test. ***: p < 0.001; n.s.: not significant, p > 0.05. –RT: cDNA reaction without reverse transcriptase. 
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Figure 2. Treatment with engineered U1 specifically increased Opa1 protein expression in Opa1enu/+ mutant mouse eyes. (A,B) Western blot analyses of Opa1 protein expression in total homogenates of retina and RPE. Left and right eyes of each animal are shown next to each other. GAPDH was used as a loading control. (A) In non-injected animals, Opa1 protein expression was reduced in Opa1enu/+ eyes compared to wild-type eyes. (B) Opa1 protein levels were not changed in wild-type eyes upon U1 treatment (left). In Opa1enu/+ eyes injected with engineered U1 (U1.ad), Opa1 protein levels were increased compared to the contralateral control eye injected with U1.wt (right). (C) Opa1enu/+ eyes, but not wild-type eyes, treated with engineered U1.ad showed a significant increase of Opa1 protein relative to control (U1.wt) treated contralateral eyes. Quantification of Western blots was performed by comparing Opa1 protein expression of one eye (set to 100% as internal control) to the contralateral eye of the same animal. Statistical significances were calculated by Mann-Whitney U tests. ** p < 0.01; * p < 0.05; n.s., not significant, p > 0.05. 
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Figure 3. Off-target analyses of engineered U1 on pre-mRNA splicing. Potential off-target transcripts from 11 genes previously associated with retinal phenotypes were analyzed by RT-PCR using exon/intron-spanning primers. Off-target effects on splicing were not detected. Additional bands, indicating splice alterations, were not identified in any of the 11 transcripts upon U1-based treatments, neither in wild-type (Opa1+/+, n = 5) nor in heterozygous (Opa1enu/+, n = 5) mice. Sequencing of the RT-PCR fragments confirmed correct splicing of the potential off-target genes. U1.ad marks potential binding sites of engineered U1. Exon to exon borders are highlighted. Size marker represent 500 and 1000 base pairs (bp). Numbers to the left of each gel image indicate the expected wild-type fragment sizes (first number) as well as sizes of potential off-target splicing events (second number). 
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Figure 4. Fundus images and histological morphology of injected eyes. (A–D) Fundus images of injected eyes after white-light (WL, left) or UV-light with GFP channel detection (right). (A) PBS- and non-injected animals only showed background signal. (B) GFP fluorescence appeared across the wide areas of the fundus in mice injected with GFP-expressing AAV2/8. (C) Wild-type U1 and (D) engineered U1 four weeks after subretinal injection. Fundus pictures documented wide-spread GFP-expression and successful transduction of retinal cells. (A’–D’’) Retinal cryosections document AAV2/8-mediated transductions mainly to the retinal pigment epithelium and photoreceptor layers. ONL thickness was measured at regions marked by boxes (dotted lines) and labelled by p and d in A’. At and around the point of injection (arrowheads), mechanical damage to the retina can be detected (as in D’). (A’’–D’’) Magnification of boxes showed that the overall retinal morphology was similar between eyes regardless of the injected construct. Retinal detachments (arrow in B’’) were observed occasionally. Panels A, C, D: Opa1+/+; B: Opa1enu/+. WL, white light; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
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Figure 5. U1-mediated side effects on retinal function were not detected by electroretinography. (A) Representative scotopic ERG responses to light flashes of increasing intensity. The left eye was untreated. The right eye was injected with engineered U1 (U1.ad). The ERGs of both eyes were recorded simultaneously. (B) Mean scotopic ERG amplitudes. Error bars represent 95% confidence intervals (U1.ad: n = 7, mock: n = 9, non-injected: n = 24). A-wave dashed line, b-wave solid line. (C) Scotopic ERG implicit times corresponding to (B). (D) Photopic ERG amplitudes of light-adapted mice with stimulus flash of increasing intensities corresponding to (B). 
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Table 1. ONL thickness of the central retina is not altered by the U1 treatments. The average outer nuclear layer (ONL) thickness in micro-meters (µm) is listed with standard deviations. Retinae from Opa1+/+ (wild-type) and Opa1enu/+ (heterozygous mutant) animals are compared. ONL thickness was measured at regions proximal and distal to the optic nerve head. Pairwise comparison of ONL thickness at proximal and distal regions between groups using Mann-Whitney U test with Bonferroni correction did not yield significant differences (Supplementary Table S2). The number of biological replicates is indicated in brackets (n = 5–16).
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Opa1+/+

ONL Thickness (µm)

	
Opa1enu/+

ONL Thickness (µm)




	
Proximal

	
Distal

	
Proximal

	
Distal






	
non-injected

	
56.05 ± 1.21 (n = 6)

	
52.71 ± 2.08 (n = 6)

	
57.99 ± 1.24 (n = 5)

	
56.75 ± 1.10 (n = 5)




	
GFP

	
-

	
-

	
56.08 ± 1.80 (n = 9)

	
53.97 ± 2.12 (n = 9)




	
U1.wt

	
56.77 ± 1.57 (n = 5)

	
52.84 ± 2.35 (n = 5)

	
56.28 ± 2.73 (n = 9)

	
53.75 ± 2.72 (n = 9)




	
U1.ad

	
54.77 ± 3.86 (n = 9)

	
53.25 ± 3.07 (n = 9)

	
56.08 ± 2.90 (n = 16)

	
53.24 ± 2.29 (n = 16)
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