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Processes of >100 types of interneurons (bipolar and amacrine cells) and projection neurons (retinal ganglion cells, RGCs) form specific and stereotyped patterns of connections in the inner plexiform layer (IPL) of the mouse retina. Four closely related homophilic immunoglobulin superfamily recognition molecules (Sidekick [Sdk] 1, Sdk 2, Dscam, and DscamL1) have been shown to play roles in patterning neuronal arbors and connections in chick retina, and all but Sdk1 have been shown to play related roles in mice. Here, we compare patterns of Sdk1 and Sdk2 expression in mouse retina and use genetic methods to assess roles of Sdk1. In adult retina, 3 neuronal types express sdk1 but not sdk2 at detectable levels, 5 express sdk2 but not sdk1 and 3 express both. Patterns of gene expression and protein localization at or near synapses are established during the first postnatal week. Dendrites of amacrine cells and RGCs that express sdk1 but not sdk2 arborize in the same narrow stratum in the center of the IPL. In the absence of Sdk1, this laminar restriction is degraded. Overexpression of sdk1 in developing cells that normally express sdk2 reorients their dendrites to resemble those of endogenously Sdk1-positive cells, indicating that Sdk1 plays an instructive role in patterning the IPL. Sdk1 fails to affect arbors when introduced after they are mature, suggesting that it is required to form but not maintain laminar restrictions. The effect of ectopically expressed sdk1 requires the presence of endogenous Sdk1, suggesting that the effect requires homophilic interactions among Sdk1-positive neurites. Together with previous results on Sdk2, Dscam, DscamL1, as well as the related Contactins, our results support the idea that an elaborate immunoglobulin superfamily code plays a prominent role in establishing neural circuits in the retina by means of tightly regulated cell type-specific expression and homophilically restricted intercellular interactions.
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INTRODUCTION

Over the past decade, the mouse retina has emerged as a valuable model for investigating how “hard-wired” neural circuits are assembled. In one of its two synaptic layers, the inner plexiform layer (IPL), neurites of >50 types of interneurons (bipolar and amacrine cells) form synapses on dendrites of >40 types of output neurons (retinal ganglion cells, RGCs) during the first two postnatal weeks (reviewed in Sanes and Zipursky, 2010; Hoon et al., 2014). The specific and stereotyped patterns of these connections endow each RGC type with selective sensitivity to specific visual features, such as motion in a particular direction, edges, or color contrasts (reviewed in Masland, 2012; Sanes and Masland, 2015). Analysis of these circuits has implicated a variety of recognition molecules in the cell-cell interactions that establish them; they include members of the immunoglobulin and cadherin superfamilies, the semaphorins and plexins, and others (e.g., Fuerst et al., 2008, 2009, 2012; Matsuoka et al., 2011; Kay et al., 2012; Lefebvre et al., 2012; Sun et al., 2013; Duan et al., 2014, 2018; Krishnaswamy et al., 2015; Peng et al., 2017; Liu et al., 2018; reviewed in Zhang et al., 2017). Together, these studies demonstrate that numerous recognition molecules act together to pattern neural circuitry in the IPL. Since all of these molecules are also expressed by neuronal subsets throughout the brain, insights obtained in studies of the retina are likely to be relevant to the central nervous system generally.

In this study, we focus on retinal expression and roles of two closely related immunoglobulin superfamily recognition molecules that have been implicated in retinal development, Sidekick 1 and 2 (Sdk1 and Sdk2). We isolated the Sdks in a search for genes expressed by subsets of RGCs in the developing chick retina (Yamagata et al., 2002). We named them for the related Sdk gene in Drosophila, which was identified in a screen for genes that affect patterning of the fly eye (Nguyen et al., 1997) and was recently shown to be required for synaptic targeting of photoreceptors (Astigarraga et al., 2018). The Sdks are large (~250 kD), proteins, with six immunoglobulin domains, thirteen fibronectin repeats, a single transmembrane domain, and a cytoplasmic domain ending in a PDZ domain-binding motif. They are homophilic adhesion molecules (Yamagata et al., 2002; Hayashi et al., 2005; Yamagata and Sanes, 2008). Structural studies have shown that the immunoglobulin domains mediate homophilic adhesion, and defined critical residues required for adhesion per se and for homophilic specificity (Goodman et al., 2016; Tang et al., 2018). Their PDZ-binding motif binds scaffolding proteins of the MAGI family, an interaction that contributes to their concentration at synaptic sites (Yamagata and Sanes, 2010).

In chick retina, the Sdks are expressed by non-overlapping subsets of retinal neurons, and required for restriction of neuronal processes to specific strata within the IPL (Yamagata et al., 2002; Yamagata and Sanes, 2008). Their closest relatives, two Dscams (Dscam and DscamL) and six contactins (Cntn1-6) are also expressed by neuronal subsets in chick retina and play related roles, leading to the suggestion that they comprise an “immunoglobulin superfamily code” for laminar specificity (Yamagata and Sanes, 2008, 2012a).

Recently, we analyzed expression and roles of Sdk2 in mice (Krishnaswamy et al., 2015). We found that sdk2 is expressed by restricted subsets of retinal neurons, including an unusual glutamatergic amacrine interneuron called VGlut3-positive amacrine cells (VG3-ACs) (Haverkamp and Wässle, 2004; Johnson et al., 2004; Grimes et al., 2011) and an RGC type called W3B, which has the unusual property of responding when the timing of the movement of a small object differs from that of the background, but not when they coincide (Kim et al., 2010, 2015; Zhang et al., 2012; Lee et al., 2014; Krishnaswamy et al., 2015). We showed that VG3-ACs synapse on W3B-RGCs, that VG3 input is essential for W3B-RGC function, that Sdk2 is required for restriction of VG3-AC and W3B-RGC processes to appropriate strata, and that the number and strength of functional connections between VG3-ACs and W3B-RGCs are dramatically reduced in the absence of Sdk2 (Krishnaswamy et al., 2015).

Here, we have analyzed expression and roles of Sdk1 in mouse retina. Confirming initial observations (Krishnaswamy et al., 2015), we show that sdk1, like sdk2, is expressed by a small number of specific interneuronal and RGC types. As in chick, types that express sdk1 and sdk2 are largely non-overlapping, but we also found three types that express both sdks. Sdk1, like sdk2, in mice and both sdks in chick, is expressed by interneurons and RGCs that arborize in the same strata, and neurites of these cells exhibit decreased laminar restriction in the absence of Sdk1. Finally, we use ectopic overexpression of sdk1 in cells that normally express sdk2 to demonstrate that it plays an instructive role in laminar targeting and that it does so by a homophilic mechanism.



MATERIALS AND METHODS


Animals

Animals were used in accordance with NIH guidelines and protocols approved by Institutional Animal Use and Care Committee at Harvard University. Production of mouse lines by genome editing was performed in the Genome Modification Facility, Harvard University.

To generate the sdk1CG allele, CreGFP was amplified from Addgene plasmid #13766, and inserted at the translational start site of the Sdk1 gene using CRISPR/Cas9 nickase-mediated genome engineering (Ran et al., 2013; Wang et al., 2013). The targeting vector was modified from that reported previously (Krishnaswamy et al., 2015) by substituting CreGFP for CreERT2. The template DNA sequences to generate the sgRNAs used to enhance homologous recombination were CGGCATGGCCCGCGCCCGGC and GGTGGCGGGCGGCGGAGTCG (see Figure S1). Two sgRNAs, the circular targeting construct, and the synthesized Cas9 nickase mRNA were injected into the cytoplasm of fertilized eggs. The indel mutant sdk1ΔN was obtained from the same injections; in these mice, the sdk1 gene was altered, but CreGFP was not inserted.

The sdk1CE (3xHA-tagged CreER) and sdk2CE (6xMYC-tagged CreER) mouse lines were described previously (Krishnaswamy et al., 2015). To generate sdk2C, two sgRNAs were designed to target the junction between Cre and ERT2 in sdk2CE, and coinjected with Cas9 nickase mRNA into sdk2CE/CE embryos. The template DNA sequences to generate the sgRNAs were GCTCTCATGTCTCCAGCAGA and GTCCCTGACGGCCGACCAGA.

To enable expression of sdk1 or sdk2 under Cre-dependent control, we generated three lines. A cassette encoding Venus and Sdk1, Venus and Sdk2, or Venus plus APEX2NES (ascorbic acid peroxidase with a nuclear localization signal), separated by tripleF2A (3 tandem repeats of foot-and-mouth disease 2A peptide sequence) was cloned into a Rosa26CAG-STOP- targeting vector (Yamagata and Sanes, 2012b) to generate Rosa-CAG-LOX-STOP-LOX-Venus-3F2A-Sdk1-WPRE-FRT-neo-FRT, Rosa-CAG-LOX-STOP-LOX-Venus-3F2A-Sdk2-WPRE-FRT-neo-FRT, or Rosa-CAG-LOX-STOP-LOX-Venus-3F2A-APEX2NES-WPRE-FRT-neo-FRT. We refer to these lines as RC-sV-Sdk1, RC-sV-Sdk2, and RC-sV-A, respectively. Homologous recombinants were selected in the V6.5 ES cell line and chimeras were generated. Germ-line chimeras were crossed to a Flp-expressing mouse (Rodríguez et al., 2000) to remove the FRT-neo-FRT sequence.

We used several Cre-dependent reporter lines interchangeably. Thy-STOP-YFP15 (referred to as STOP15) expresses YFP in a Cre-dependent manner under Thy1 regulatory elements (Buffelli et al., 2003). Ai14 expresses tdTomato in a Cre-dependent manner (Rosa26-CAG-lox-stop-lox-tdTomato) (Madisen et al., 2010). Rosa-CAG-Lox-STOP-LOX-ChR2(H134R)-tdTomato mice (Ai27) expresses cell surface-localized channelrhodopsin following excision of a stop cassette by Cre recombinase (Madisen et al., 2012). Ai14 and Ai27 lines were obtained from The Jackson Laboratory (Bar Harbor, ME). The Rosa-CAGS-LOX-CHERRY-LOX-GFP line (referred to as RC-FrePe) was obtained from S. Dymecki (Harvard University) (Dymecki et al., 2010). The Cre-dependent tdTomato line Colstd (Collagen-CAG-loxP-STOP-loxP-tdTomato-WPRE) in the type I collagen locus (Beard et al., 2006) was generated in the V6.5 ES cells, and a mouse line was established from germ-line chimeras.

The JamB-CreER line to label J-RGCs was described previously (Kim et al., 2008). ChAT-cre (Rossi et al., 2011) was from The Jackson laboratory. DAT-cre mice, in which cre is targeted to the endogenous DAT locus (Zhuang et al., 2005) was obtained from X. Zhuang (University of Chicago) via V. Murthy (Harvard University). Gbx2-CreERT2-IRES-GFP (Chen et al., 2009) was a generous gift from James Y. H. Li (University of Connecticut).

To induce recombination in CreERT2 reporter lines, animals were injected with tamoxifen as follows: P2 pups were injected with 0.5 mg tamoxifen (T5648, Sigma, St. Louis, MO) in 0.05 ml sunflower oil (S5007, Sigma). P24 animals were injected with 5 mg tamoxifen in 0.5 ml oil. In some cases, animals were injected with 1 mg tamoxifen in 0.1 ml sunflower oil at 24 and 48 h prior to sacrifice, which resulted in translocating CreERT2 protein to the nucleus, enhancing our ability to detect it.



Plasmids, Transfection, and RT-PCR

The mouse Sdk1 (long form) cDNA in pCMVscript (Clontech, Mountain View, CA) was described previously (Yamagata and Sanes, 2008). A cDNA encoding the short form of mouse Sdk1 was modified from the long form cDNA. Each plasmid was transfected to 293T cells (ATCC, Manassas, VA) with DMRIE-C (Thermo-Fisher, Waltham, MA) as described previously (Yamagata and Sanes, 2012a).

Total RNA from animals or cultured cells was isolated using illustra RNAspin Mini (GE Heathcare Life Sciences, Marlborough, MA), which uses deoxyribonuclease I to remove DNA. cDNA was generated with Superscript III (Thermo-Fisher/Invitrogen) using random or sdk1 specific primers (CTCTATGATGGAAAGGAAGGCTC) for the short form, and treated with RNase H (Thermo-Fisher). Primer sequences and predicted sizes after PCR were as follows (see Figure 1 for location of each primer set).

a. (161 bp): CCGGCGGGCGGCAAAGTTGAG, TGAGCACCAGGCGGTTCCCTTCC

b. (243 bp): TCAAAGAAGAACGGAACCAGAT, CCGCTTCCAAGAGTTGTAGTAG

c. (230 bp): AGTGATGGACAGATCAGGAGATA, ATGTCGGATTGGTGATGGTAAG

d. (228 bp): AGGTATCTCCCTGGTGCAATA, GAGCCTCAAGTTGTCCTAAGATG

e. (204 bp): GTAGGGACAGAATGGACACATC, CAGCTCACACAAGGAGGTAAG
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FIGURE 1. Evidence for an intracellular Sdk1 isoform. (A,B) Expression of sdk1 and localization of Sdk1 protein in retina at P30. Sections from sdk1+/CG (A) and sdk1CG/CG (B) retina were stained with antibodies to GFP (green) and Sdk1 (red). In the sdk1CG allele, CreGFP replaces the first coding exon; GFP reports on gene expression and Cre localizes GFP to the nucleus. Expression is similar in both sdk1+/CG and sdk1CG/CG retina, with positive cells in the ganglion cell layer (GCL) and INL but not the outer nuclear layer (ONL). Sdk1 is present in the inner plexiform layer (IPL) and GCL of sdk1+/CG retina. IPL staining is absent in sdk1CG/CG retina but some GCL staining persists. Staining of blood vessels (arrows) is non-specific. (C,D) In the sdk1ΔN allele, the first 46 aa of Sdk1 are deleted (see Figure S1B). As in the sdk1CG allele, Sdk1 is present in the IPL of sdk1+/ΔN retina (C) and persists in the GCL of sdk1ΔN/ΔN retina. Bar, 10μm for (A–D). (E) sdk1 transcripts, derived from entries in GenBank and the UCSC Genome browser, indicate occurrence of two 5′- and two 3′ sequences surrounding a common core. Letters a–e show positions of PCR primer pairs used in (G). (F) 5′ coding sequence of the long and short forms. The short form lacks the signal peptide and the first two Ig domains (Ig1 and Ig2) critical for adhesion. Green, signal peptide; black, sequences in long form only; red, sequences in long and short forms; blue, sequences in short form only. Its first exon encodes five amino acids (MDRSG) absent from the long form. (G) Products amplified from wildtype (wt), sdk1+/CG (+/CG), and sdk1CG/CG (CG/CG) adult retinas by RT-PCR with primers shown in (E), as well as Cre and Gapdh primers. The N-terminal region of the long form is not seen in sdk1CG/CG retina. The results suggest that both the long and short protein coding regions can have either a long or short 3′ UTR. (H) Products amplified with primer sets a–c (see E) from 293T cells transfected with plasmids encoding Sdk1 long (LF) or short forms (SF) and untransfected controls (mock). As expected (E), primer sets a and c distinguish long and short forms. (I–L) Sdk1 immunoreactivity of 293T cells transfected as in (H). Cells were stained live (I,J) or after permeabilization (K,L). Only the long form is accessible extracellularly. Bar, 10μm.



EconoTaq plus green mixture (Lucigen, Middleton, WI) was used for PCR. PCR cycles were 94°C, 2 min; 42 cycles of 94°C, 30 s; 60°C, 30 s; 72°C, 1 min + 2 s extention; 72°C, 7 min, and 4°C.

Other primer sequences were as follows.

Cre: GCATTACCGGTCGATGCAACGAGTGATGAG, GAGTGAACGAACCTGGTCGAAATCAGTGCG

mouse Gapdh: TGAAGGTCGGTGTGAACGGATTTGGC, CATGTAGGCCATGAGGTCCACCAC.



Antibodies

Antibodies used in this study were: rabbit monoclonal antibody to estrogen receptor α (ER) (Clone SP1, from Epitomics or Abcam, Cambridge, MA); goat anti-Myc (NB600-335, from Novus, Littleton, CO); rat anti-HA (3F10, from Roche Diagnostics Co., Indianapolis, IN); anti-Brn3a (clone, 5A3.2), rabbit anti-synapsin I (AB1543P), mouse anti-calretinin (clone, 6B8.2), sheep anti-tyrosine hydroxylase and goat anti-ChAT antibodies (AB144P) from Millipore (Billerica, MA); AP2 (clone, 3B5), SV2, and anti-synaptotagmin 2 (clone, ZNP1) from Developmental Studies Hybridoma Bank (Iowa City, IA); mouse anti-VGlut1 (clone, N28/9), mouse anti-pan-MAGUK (clone, N28/86), mouse anti-HCN4 (clone, N114.10), and mouse anti-Vesicular acetylcholine transporter (clone, N6/38) from NeuroMab (Davis, CA); mouse anti-protein kinase C- α (PKCα) (clone MC5) and rabbit anti-PKCα (P4334) from Sigma; rabbit anti-Opn4 from Thermo Fisher (PA1-780), mouse monoclonal antibody to neurofilament-H (phosphorylated) SMI-34 from Covance (Princeton, NJ); goat anti-Spp1 from R&D Systems (Minneapolis, MN). Rabbit antibody to Dab1 was a kind gift from Dr. Brian Howell (SUNY Upstate, Syracuse, NY). Chicken anti-GFP (Yamagata and Sanes, 2012b), rabbit anti-mCherry/RFP (Cai et al., 2013), and mouse antibodies to mouse Sdk1 or Sdk2 (Krishnaswamy et al., 2015) were generated in our laboratory. Nuclei were labeled with NeuroTrace 640 (ThermoFisher/Invitrogen). Secondary antibodies conjugated to dyes were from Jackson ImmunoResearch (West Grove, PA).



Immunostaining and in situ Hybridization

For immunostaining, retinas were fixed with 4% (w/v) paraformaldehyde/PBS overnight at 4°C, sunk in 15%(w/v) and 30%(w/v) sucrose/PBS, and mounted in Tissue Freezing Medium (EM Sciences, Hatfield, PA). Sections were cut in a cryostat, permeabilized with 0.1% (w/v) TritonX-100/PBS for 5 min at room temperature, blocked with 5% (w/v) skim milk/PBS for 30 min at room temperature, incubated with appropriate antibodies overnight, rinsed, and incubated with appropriate secondary antibodies. After rinsing with PBS, sections were mounted in Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA, USA) and imaged with a Zeiss Meta510 confocal microscope (Oberkochen, Germany).

For double immunostaining with two mouse antibodies, we used the Zenon Horseradish Peroxidase Mouse IgG1 Labeling Kit (Life Technologies, Grand Island, NY) to label one of them, and detected reaction product with the TSA-Plus kit (Perkin-Elmer Life Sciences, Waltham, MA). For immunodetection of epitope-tagged CreER, cryosections were permeabilized in absolute methanol at −20°C overnight, treated with Image-iT FX signal enhancer (Life Technologies) by the manufacturer's protocol, and blocked with 5%(w/v) skim milk (BioRad, Hercules, CA) in PBS for 30 min at room temperature. The antibodies were diluted in Renoir Red diluent (BioCare Medical, Concord, CA), incubated at 4°C for 48 h, rinsed, and detected with secondary antibodies that had been preabsorbed with acetone powders prepared from mouse brain.

Whole-mount staining with antibodies was done as follows. Retinae were fixed with 4% (w/v) paraformaldehyde /PBS overnight at 4°C, and treated with 0.1% (w/v) TritonX-100/PBS for 30 min at 4°C. Tissues were then blocked with 1%(w/v) bovine serum albumin/PBS overnight, incubated with appropriate primary antibodies in 0.1% (w/v) TritonX-100/ 0.1%(w/v) bovine serum albumin/PBS for 48 h, rinsed with 0.1% (w/v) TritonX-100/PBS for 3 h, incubated with secondary antibodies in 0.1% (w/v) TritonX-100/ 0.1%(w/v) bovine serum albumin/PBS overnight, rinsed with 0.1% (w/v) TritonX-100/PBS overnight, mounted in glycerol-based VECTASHIELD (Vector labs, Burlingame, CA), placed on black nitrocellulose membranes (HABG01300, Millipore), and imaged with a Zeiss Meta510 confocal microscope. When anti-ER antibody was used, the retina was fixed with 4% (w/v) paraformaldehyde /PBS overnight at 4°C, and then placed in 0.1% (w/v) TritonX-100/PBS for 30 min at 4°C, 30%(v/v) methanol/0.1% (w/v) TritonX-100 for 30 min at 4°C, 50%(v/v) methanol/0.1% (w/v) TritonX-100 for 30 min at 4°C, 70%(v/v) methanol/0.1% (w/v) TritonX-100 for 30 min at 4°C, 100%(v/v) methanol overnight at −20°C, 70%(v/v) methanol/0.1% (w/v) TritonX-100 for 30 min at 4°C, 50%(v/v) methanol/0.1% (w/v) TritonX-100 for 30 min at 4°C, 30%(v/v) methanol/0.1% (w/v) TritonX-100 for 30 min at 4°C, and 0.1% (w/v) TritonX-100/PBS before blocking. Incubation with anti-ER (SP1) was done in the Renoir Red diluent supplemented with 0.1% (w/v) TritonX and 0.1%(w/v) bovine serum albumin, rinsed, and processed as described above.

Live staining of transfected 293T cells was performed as previously described (Goodman et al., 2016).

For in situ hybridization, riboprobes were synthesized from Sdk1cDNA using digoxigenin-labeled UTP (Roche) and hydrolyzed to around 500 bp. Probes were detected using horseradish peroxidase conjugated sheep antibodies to digoxigenin (Roche), followed by amplification with TSA-Plus system (Yamagata and Sanes, 2012a).



Imaging and Statistical Analysis

Images were processed with Adobe Photoshop, and Image-J (Version 1.47d, Fiji). Position of spots were measured using Image-J. To generate the graphs in Figures 4F, 7G, 8C, 9D, 10J, cells were selected based on the clarity of their dendrites: we required that only a single cell be labeled in the field, and that a broad expanse of dendrite be visible in the field. Then, all GFP+ immunopositive spots that could be assigned to the cell's arbor were measured and counted. For Figure 5K, immunoreactive (calbindin+) puncta were counted.

To analyze variance of measured spots, the VAR.S function and F-tests were used in Microsoft Excel for Mac 2011 (version 14.3.1). “Variance” was calculated by VAR.S which uses this formula.

[image: image]

where xm is the sample mean and n is the sample size. To statistically compare two variances, s1 and s2, the F-test was performed using the following equation.

[image: image]

To generate box-plots, qplot function was employed in the ggplots2 package of R 3.4.4 for MacOS X GUI 1.70 (The R foundation, https://www.r-project.org/). ANOVA and Tukey post-hoc test were performed using R 3.4.4.




RESULTS

In a previous study (Krishnaswamy et al., 2015), we reported on the generation and use of knock-in mice in which a cDNA encoding a ligand -dependent Cre recombinase-human estrogen receptor (ER) fusion protein (CreERT2) was targeted to the first coding exon of the sdk1 and sdk2 genes, thereby disrupting the gene and generating null alleles (sdk1CE, sdk2CE). These lines allowed us to map cells that express sdk1 or sdk2 by staining for ER or for epitope tags appended to the CreER (HAtag for sdk1CE and MYCtag for sdk2CE) or by crossing to a cre-dependent reporter. We showed that sdk1 and sdk2 are expressed in largely but not entirely non-overlapping subsets of retinal cells in mice, and analyzed sdk2CE/CE mice to elucidate roles of Sdk2 in retinal circuitry. Here, we used these and newly generated alleles (Figure S1) to identify the cells that express sdk1 and to analyze roles of Sdk1 in the retina.


Multiple Sdk1 Isoforms

We used CRISPR/Cas9 technology to generate Sdk1 alleles in which CreGFP replaced CreER (sdk1CG) or in which the first 46 amino acids were deleted without introduction of a reporter (sdk1ΔN). In characterizing these alleles, we stained retinal sections with anti-Sdk1. Immunoreactivity was present in the neuropil of the IPL of wild-type and heterozygous mice (sdk1+/CG and sdk1+/ΔN) (Figures 1A,C), and this immunoreactivity was greatly attenuated in homozygotes (sdk1CG/CG and sdk1ΔN/ΔN; Figures 1B,D). Surprisingly, however, immunoreactivity persisted in some somata in the ganglion cell layer (GCL). In exploring the origin of the residual staining, we noted that Kaufman et al. (2004) reported multiple sdk1 mRNAs (6–10 kb) but only a single sdk2 mRNA (~9 kb) by Northern analysis. Moreover, public databases report sdk1 transcripts with at least two different 5′ ends and two different 3′ ends (Figure 1E). The two 5′ sequences encode different proteins. One, which we call the long form, is the previously documented Sdk1 protein, which has a signal peptide, 6 immunoglobulin (Ig) domains, 13 fibronectin type III repeats, a single-pass transmembrane, and a cytoplasmic domain. By contrast, the shorter form (e.g., IMAGE, 8861473) begins with a short exon encoding a putative initiation codon, but lacks the signal peptide and two Ig domains that are indispensable for homophilic adhesive activity of this molecule (Goodman et al., 2016) (Figure 1F). The sdk1CE, sdk1CG sdk1ΔN alleles are all predicted to inactivate the long but not the short form.

RT-PCR from retina confirmed that the long form is not expressed in sdk1CG/CG mice, but the short form-specific exon, as well as sequences common to both forms, are present in both sdk1+/CG and sdk1CG/CG mice (Figure 1G). We also generated plasmids encoding long and short forms, expressed them in heterologous cells (Figure 1H) and stained the cells with antibodies to the Sdk1 ectodomain. Both forms were readily detected in permeabilized cells, but staining of live cells demonstrated that only the long form is present at the extracellular face of the cell surface (Figures 1I–L). These results indicate that the short form is present in retina, but confined to the cytoplasm and unable to participate in intercellular recognition.



Sdk-Expressing Cells

The cells of the neural retina are divided into three cellular or “nuclear” layers, which are separated by two synaptic or “plexiform” layers. Photoreceptor somata occupy the outer nuclear layer (ONL), interneurons (horizontal, bipolar, and amacrine cells) and Müller glial cells occupy the inner nuclear layer (INL), and RGCs plus displaced amacrine cells occupy the GCL. Synapses of photoreceptors, horizontal cells and bipolar cell dendrites form the outer plexiform layer (OPL), and bipolar cell axons, amacrine cell processes and RGC dendrites synapse in the IPL.

Using reporters and antibodies, as described above, we characterized retinal cells that expressed sdk1 or sdk2. Neither sdk1 or sdk2 was detectably expressed by photoreceptors or Müller glial cells, but horizontal cells and some bipolar, amacrine cell, and RGC types expressed sdk1 and/or sdk2 (Figures 2A–C).
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FIGURE 2. Retinal ganglion cells that express sdk1 and/or sdk2. (A,B) Localization of CreER in sdk1+/CE (A) and sdk2+/CE (B) retina at P30. In the CE alleles, epitope-tagged CreERT2 replaces the first coding exon and is detected with anti-ER. Subsets of cells express CreERT2 in both lines. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. (C) Expression of CreER in sdk1+/CE;sdk2+/CE retina The two alleles are distinguished by staining for their epitope tags, HA in sdk1CE and MYC in sdk2CE. Some cell in the GCL and INL express both. (D,F) RGCs labeled in sdk1+/CE (D) or sdk2+/CE (F) mice mated to cre-dependent reporters (STOP15 or RC-FrePe) following tamoxifen injection. Both sdk1 and sdk2 are expressed by RGCs with somata in the GCL and dendrites that arborize in S3 of the IPL, as shown with sdk+/CE; reporter mice. Arbors are narrow for sdk1+ RGCs and diffuse for sdk2+RGCs. (E,G) Many sdk1+RGCs are calretinin-positive (arrowheads in E), whereas sdk2+RGCs are calretinin-negative (G) as revealed by double staining with antibodies to calretinin and ER. (H) GCL of P30 sdk1+/CG ; sdk2+/CE retina stained as flat mounts with anti-GFP (H) and anti-ER (H′) to label cells expressing sdk1 and sdk2, respectively. Most of the sdk+ cells express either sdk1 or sdk2, but some express both (arrowhead). (I,J) Large RGCs with dendrites in S5 visualized in section (I) and flat mount (J) in sdk1+/CE ;reporter (STOP15) mice following tamoxifen injection. Similar cells were observed in sdk2+/CE; STOP15. (K) Large RGC with dendrites in S5 visualized in section in a sdk2+/CE; reporter (Ai27) mouse (red). This RGC also expressed sdk1, as shown by in situ hybridization (green). (L) S5-laminating RGCs labeled in sdk2+/CE; reporter retina are stained with anti-Spp1 (osteopontin) which marks α-RGCs and M2 RGCs (arrowhead). (M) Some S5-laminating RGCs labeled in sdk2+/CE;reporter retina are stained by anti-neurofilament antibody SMI32, which labels α-RGCs but not M2-RGCs (arrowhead). (N,O) Some RGCs labeled in Sdk1+/CG retina are stained by anti-Opn4 (melanopsin), which marks M1 and M2 RGCs but not α-RGCs. The double-labeled cell in (N) (arrow) bears dendrites in S5, identifying it as an M2 cell. The Sdk1-negative cell in (O) (arrow) has dendrites in S1, identifying it as an M2 cell. Bar, 20 μm for (J), and 10 μm for others.





Retinal Ganglion Cells

Over 40 RGC types have been described in mice (Baden et al., 2016; Bae et al., 2018; Rheaume et al., 2018). Of them, one is sdk1+sdk2−, one is sdk1−sdk2+ and two are sdk1+sdk2+.

The sdk1+sdk2− RGC type has small somata and dendrites that ramify in a narrow sublamina at the center of S3 (Figure 2D). (By convention, the IPL is subdivided into 5 strata from S1 at the edge abutting the INL to S5 at the edge abutting the GCL.) This RGC type is calretinin-positive (Figure 2E). We provisionally call it the Sdk1+S3-RGC.

The sdk1−sdk2+ RGC type, which we characterized previously, is the W3B-RGC (Krishnaswamy et al., 2015). Like the Sdk1+S3-RGC, its soma is small, and its dendrites also ramify in S3. However, W3B dendrites are more diffuse than those of the Sdk1+S3-RGC, occupying most of the width of S3, and its somata are calretinin-negative (Figures 2F,G).

Both sdk1+sdk2+RGC types are large and have radial dendrites that stratify in S5 (Figures 2H–K). We identify one as the ONα-sustained RGC based on expression of Spp1(osteopontin) and SMI32 (Bleckert et al., 2014; Duan et al., 2015) (Figures 2L,M). The other is the M2 intrinsically photosensitive RGC based on its dendritic stratification, morphology and Opn4 (melanopsin) expression (Figures 2N,O).



Amacrine Cells

There are ~60 amacrine cell types in mice (M. Laboulaye, W. Yan and J. R. Sanes, unpublished). Of them, two are sdk1+sdk2− and two are sdk1−sdk2+. We found no amacrine cells that expressed both sdk1 and sdk2.

One of the two sdk1+sdk2− amacrine types has processes that ramify in S3 (Figures 3A,B). Most if not all of these cells are calretinin-positive type 2 catecholaminergic amacrine cells (2CA-ACs), as demonstrated by use of the DAT-cre line (Figure 3A) (Contini et al., 2010; Knop et al., 2011). The 2CA-ACs are present in both the INL and the GCL. The DAT-cre driver preferentially labels the group in the INL (Figure 3A), whereas both sets are Gbx2-positive (see below). 2CA-ACs narrowly stratify at the center of S3 which corresponds to the middle of three calretinin-positive bands (Figure 3B).
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FIGURE 3. Interneurons that express sdk1 or sdk2. (A) Sdk1 is expressed by type 2 catecholaminergic amacrine (2AC) cells, labeled in the DAT-cre line. Image from a DAT-cre;reporter (tdTomato Ai27);sdk1+/CE retina, stained for tdTomato (A) and ER (A′); panel (A″) shows merge. (B) 2AC cells, labeled in DAT-cre;reporter (tdTomato Ai27) retina, stratify narrowly in S3, within the middle of three calretinin-positive sublaminae. (C) Sdk2 is expressed by VG3 amacrine cells (sdk1+/CE; reporter (tdTomato Ai14); sectioned stained with anti-VGlut3). (D) VG3 amacrine cells (labeled with anti-VGlut3) arborize diffusely in S3 and are calretinin-negative. (E) Amacrine cell labeled in sdk1+/CE;reporter (Ai14) mouse following tamoxifen injection. The waterfall morphology is characteristic of A17 amacrine cells. (F,G) Horizontal cells (h) express Sdk2 (F) but not Sdk1 (E). Sections were stained with anti-Sdk1 or anti-Sdk2 plus antibodies to calbindin, which marks horizontal cells. (H) Expression of sdk1 and sdk2 derived from single cell RNAseq data in Shekhar et al. (2016). RB, rod bipolar cells. sdk2 is expressed by type 7 bipolar cells. Rod bipolar cells express both sdk1 and sdk2. (I) Labeling of BCs in a sdk1+/CE; reporter (RC-FrePe) mouse. Bulbous terminals in S5 are indicative of RBs. (J) Labeling of BCs in a sdk2+/CE; reporter mouse. Broad axonal terminals in S4 are indicative of BC7. RBs are also labeled. A horizontal cell (h) is also labeled in this section. (K) Schematic of cell types that express sdk1 and/or sdk2. Sketches summarize data from this figure, Figure 2 and Figure S2. Bar, 3 μm in (E,F), 10 μm for others.



The second sdk1+sdk2− amacrine type is the A17 type, identified by the striking “waterfall” shape of its arbor (Figure 3E), and tentatively characterized by its expression of protein kinase Cα (Puthussery and Fletcher, 2007; Downie et al., 2009) (Figure S2A).

We showed previously that the predominant sdk1−sdk2+ type is the VGlut3-positive amacrine cell (VG3-AC), an unusual excitatory amacrine cell with processes in S3 (Krishnaswamy et al., 2015; see Figure 3C). VG3-ACs are calretinin-negative and arborize diffusely in S3 (Figure 3D). We also found a small number of a second type of sdk2+ amacrines that arborize in S3 but are distinct from VG3-ACs (Figures S2B,C). These were seldom encountered and have not been characterized further.

The sdk1+sdk2− and sdk1−sdk2+ amacrine cells (VG3-AC and 2CA-AC) and RGCs (W3B-RGC and Sdk1+S3-RGC) are similar in that all four types have dendrites that arborize in S3. However, the fine details of their arbors differ. Our observation is consistent with our earlier observation that W3B-RGC is only weakly synaptically connected to 2CA-AC (Krishnaswamy et al., 2015), but appears to contrast an idea proposed by others (Brüggen et al., 2015) in that study, however, W3B-RGCs are not distinguished from related types.

Dendrites of the Sdk1+RGCs and the 2CA-ACs are larger in diameter and arborize in a narrow stratum in the center of S3. In contrast, dendrites of the Sdk2+ types (W3B-RGC and VG3-AC) are smaller in diameter and arborize more diffusely in S3. Sdk1−+2CA cells do innervate Sdk2+W3B-RGCs (Brüggen et al., 2015), but physiological analysis indicated that the connection is far weaker than that of Sdk2+VG3-ACs with W3B-RGCs (Krishnaswamy et al., 2015).



Horizontal Cells

Horizontal cells express sdk2 but not sdk1 (Figures 3F,G). Strong punctate staining with anti-Sdk2 is seen in the outer plexiform layer (OPL), where photoreceptor synapses are abundant.



Bipolar Cells

There are 15 types of bipolar cells in mouse retina (Shekhar et al., 2016). One is sdk1−sdk2+ and another is sdk1+sdk2+.

Our recent transcriptomic analysis of mouse bipolars demonstrated selective expression of sdk2 in type 7 bipolar cells (Shekhar et al., 2016) (Figure 3H). Using reporters, we confirmed expression of sdk2 in cells with axonal arbors arborizing in IPL sublamina S4, which is characteristic of type 7 bipolars (Figure 3I).

Both sdk1 and sdk2 are expressed by rod bipolar (RB) cells (Figures 3H–J). Axons of these cells ramify in S5, which is strongly stained with both anti-Sdk1 and anti-Sdk2 antibodies (Figures 4E–G).
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FIGURE 4. Localization of Sdk1 and Sdk2 during retinal development. Sections from P0 (A,B), P8 (C,D), P14 (E), or P30 (F,G) mice were stained with anti-Sdk1 (A,C,E,F) or anti-Sdk2 (B,D,E′,G). Sections in (A–D,F,G) were double stained with anti-calbindin, which labels three narrow strata in the IPL (see Figure 2). Section in (E) was doubly stained with anti-Sdk1 and anti-Sdk2. (A,B) Little Sdk1 immunoreactivity is present at P0 (A), but Sdk2 is present in the OPL (B). (C,D) At P8, Sdk1 and Sdk2 are both present in S3-5 of the IPL. (E) By P14, Sdk1, and Sdk2 are present in a narrow band in S3 and a broader band in S4,5. Sdk1+ and Sdk2+ immunoreactive puncta overlap in S4,5 but are distinct in S3. (F,G) Pattern at P30 is similar to that at P14. Bar, 8 μm for (E), and 25 μm for others.



Patterns of sdk1 and sdk2 expression in mouse retina are summarized in Figure 3K and Table 1.



Table 1. Cell types expressing sdk1 and/or sdk2.
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Localization of Sdk1 an Sdk2 in Developing Mouse Retina

To ask when Sdk proteins appear during postnatal development, we stained retinas with antibodies to Sdk1 and Sdk2. Sdk2 was present in the OPL at P0, but neither Sdk1 nor Sdk2 was present at high levels in the IPL at this stage (Figures 4A,B). Both Sdk1 and Sdk2 were readily detectable within the IPL by P8 (Figures 4C,D). Both were present at highest levels in S3-5 by this time.

By P14, the staining pattern was similar to that in adults (Figures 4E–G). Both Sdks were present in S3 of the IPL, but in a non-overlapping distribution, with Sdk1 concentrated in a narrow stratum in the center of S3 and Sdk2 diffusely distributed throughout this sublamina. Both Sdk1 and Sdk2 were also present in S5, with greater overlap. Both were also present in S4, but with stronger staining for Sdk2 than Sdk1 (Figure 4E), likely reflecting the presence of Sdk2 but not Sdk1 in type 7 bipolar cells. These patterns of localization are consistent with the cell types expressing sdk1 and/or sdk2, and suggest that Sdk proteins are concentrated at or near synapses, as shown previously in chicks (Yamagata et al., 2002).



Lamination Defects in sdk1 Mutant

Sdk1 mutants (sdk1CE/CE, sdk1CG/CG, and sdk1ΔNΔN) are viable and fertile and no abnormalities were visible on inspection of the live animal or upon inspection of major organs following euthanasia and dissection. To assess retinal structure and molecular architecture in mutants, we stained sections with a panel of antibodies to 14 cell class-specific, cell type-specific and synaptic markers (Figure S3). In no cases did we detect differences in level or distribution of the marker between homozygotes and controls (wild types and heterozygotes).

In a previous study, we demonstrated a role for Sdk2 in the development of Sdk2-positive VG3-ACs and W3B-RGCs. Processes of both cell types arborize in S3, and VG3-ACs synapse on W3B-RGCs. In Sdk2 mutants, the arbors of these cells extend beyond S3 and the strength of VG3-W3B synapses is reduced by at least an order of magnitude (Krishnaswamy et al., 2015). We were not able to selectively label Sdk1+S3-RGCs to target them for recording, because our labeling methods preferentially marked 2CA-ACs and S5-arborizing RGCs in the ganglion cell layer. We therefore used histological methods to seek defects in Sdk1 mutants.

First, we examined 2CA-ACs labeled in the DAT-cre line. In heterozygotes (DAT-cre; reporter; sdk1+/CE) dendrites were confined to a narrow stratum in the center of S3, as shown above (Figures 3A,B). In the absence of sdk1, however (DAT-cre; reporter; sdk1CE/CE), dendrites sprouted beyond their laminar boundary (Figures 5A–C). Similar results were obtained using a Gbx2 (Gbx2-CreERT2-IRES-GFP) mouse line (Chen et al., 2009) which labels 2CA-ACs in both INL and GCL. 2CA-ACs sharply stratify in S3 (Figure 5D,E). To quantify the effect of Sdk1 deletion on 2CA-AC arbors, we plotted the laminar position of GFP-labeled dendritic segments, which appeared as spots in the micrographs. We then calculated the variance in position as an approximation of the diffuseness of the arbors within S3 (see Materials and Methods). The “Variance” scores from each dataset are shown in Figure 5F. An F-test demonstrated that the arbors were significantly more diffuse in sdk1 mutant homozygotes than in heterozygotes.
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FIGURE 5. Loss of function phenotype in sdk1 mutants. (A–C) Type II catechoraminergic amacrine (2CA) cells in INL labeled in DATcre;reporter (Ai27) mice in the presence (A) or absence of sdk1 (B,C). In homozygotes, stratification of 2CA cells is diffuse, associated with occasional sprouting (arrows). (D,E) Stratification of 2CA dendrites in S3 of Gbx2-CreERT2-IRES-GFP; this line labels 2CA cells in both INL and GCL in sdk1+/CE (D) or sdk1CE/CE (E). (F) Position of GFP-positive dendritic segments plotted from micrographs such as in (D) (n = 6 areas from 3 animals) and (E) (n = 6 areas from 3 animals). The laminar position of GFP+ spots were measured and box-plotted (F). Box-plots show upper and lower quartiles (box), median (horizontal line in the box), and the highest and lowest value excluding outliers (lines). The variance score is 2.0 for sdk1+/CE and 8.4 for sdk1CE/CE. F-test for the variation is significant (**F < 0.0001). (G,H) Cells in the GCL and their dendritic arbors were labeled by crossing sdk1+/CE (D) or sdk1CE/CE (E) to the STOP15 reporter. Dendritic arbors in homozygotes are more diffusely distributed in the IPL than that in heterozygotes. (I–J) Localization of calretinin in sdk1+/CE (I) or sdk1CE/CE (J) mice. (K) The position of the calretinin+ spots were measured from micrographs such as those in (I) (n = 3 areas from 3 animals) and (J) (n = 3 areas from 3 animals), and box-plotted as in (F). F-test for the variation is significant (**F < 0.0001) for the middle band. Variation of the outer and inner calretinin-positive bands, corresponding to sdk-negative processes including starburst amacrine cells, is unaltered. Bar, 10μm.



To analyze arbors of the Sdk1+ RGCs that laminate in S3, we compared STOP15; sdk1+/CE) and STOP15;sdk1CE/CE mice following administration of tamoxifen at P0 (Figures 5G,H). Cells were labeled sparsely in this genotype, making satisfactory quantification infeasible, but multiple examples showed that dendrites of Sdk1+S3-RGCs sprouted beyond their laminar boundary in mutants. However, both Sdk1-postitive 2CA-ACs and Sdk1+S3-RGCs are characterized by their expression of calretinin (Figures 2D,E, 3A,B), so we quantified the localization of calretinin in the IPL. The central band, which contains dendrites of Sdk1+S3-RGCs and 2CA-ACs, was more diffuse in the absence of Sdk1 than in its presence. The effect was specific in that the inner and outer bands, which contain dendrites of Sdk1-negative starburst amacrine cells, was not affected (Figures 5I–K). Together, these results suggest that neuronal processes of sdk1-expressing RGCs and amacrine cells in S3 exhibit decreased laminar restriction in the absence of Sdk1.



Lamination Defects in sdk1/sdk2 Double Mutants

We labeled ONα RGCs and rod bipolar cells, which express both sdk1 and sdk2, in sdk1, and sdk2 single mutants and in sdk1sdk2 double mutants. Although the number of cells analyzed was insufficient for detailed quantification, we detected no obvious defects in the dendritic arbors of the ONα RGCs (Figures 6A–E). Likewise, the laminar position and size of rod bipolar terminals was unaffected in sdk1sdk2 double mutants (Figures 6F–L). We also asked whether defects in VG3-ACs, which require Sdk2 for laminar restriction (Krishnaswamy et al., 2015) were more severe in double mutants, and found that they were not (Figure S4).
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FIGURE 6. Phenotype in sdk1 sdk2 double knock-out retina. (A–E) Large RGCs with dendrites in S5, viewed in flat mounts of tamoxifen-injected sdk1+/CE (A), sdk1CE/CE (B), or sdk1CE/CE sdk2CE/CE (C) mice or in sections of sdk1+/CE (D) or sdk1CE/CE sdk2CE/CE (E) mice. Cell were visualized with the STOP15 reporter. (F–L) Rod bipolar terminals in S5 labeled with anti-PKCα in wildtype (F,I) sdk1CE/CE (G,J) or sdk1CE/CE sdk2CE/CE (H,K) mice. Overall stratification was not affected in sdk1CE/CE or sdk1CE/CE sdk2CE/CE (F–H). The circumference of PKCα-stained terminals (J–K) was measured, and plotted (I) (n = 31–38 from one animal each). Differences among genotypes were not significant by one-way ANOVA [Pr(>F) = 0.81; p > 0.8 by Tukey post-hoc test]. Bar, 10 μm.





Sdk1 Acts Homophilically to Pattern Dendrites

To probe roles of Sdks further, we generated lines in which expression of sdk1 or sdk2, along with a green fluorescent protein (Venus), required cre-mediated excision of a STOP cassette (Figure 7A). We crossed these mice to the sdk2+/CE line and delivered tamoxifen at P2, thereby expressing sdk1 or sdk2 plus Venus in a sparse subset of cells that normally express sdk2. Ectopic expression of sdk1 in W3B-RGCs or VG3-ACs led to formation of narrowly stratified arbors, similar to those of Sdk1-positive Sdk1+S3-RGCs or 2CA-ACs, respectively (Figures 7C,E,G). In contrast, the arbors were unperturbed by expression of sdk2 plus Venus or of Venus alone (Figures 7B,F,G).
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FIGURE 7. Overexpression of Sdk1 patterns dendrites. (A) Design of RC-sV-Sdk1, RC-sV-Sdk2, and RC-sV-A mouse lines. By crossing RC-sV-Sdk1 and RC-sV-Sdk2 to appropriate Cre driver lines, Sdk1 and Sdk2 can be overexpressed. The Sdk proteins are coexpressed with Venus (GFP) via a self-cleavable F2A sequence. RC-sV-A expresses Venus but not Sdk following Cre-mediated recombination. (B–D) VG3 cells labeled in sdk2+/CE; RC-sV-A mice exhibited characteristic morphology (B). Expression of sdk1 in sdk2+/CE; RC-sV-Sdk1 (C) or sdk2CE/CE; RC-sV-Sdk1 mice (D) resulted in the VG3 ACs acquiring a narrow arbor similar to that of Sdk1+ CA2 ACs. Pups were injected with tamoxifen at P2 dissected at P32, and stained with antibodies to GFP and VGlut3. (E,F) W3B RGCs labeled in sdk2+/CE;RC-sV-Sdk1 (E) or sdk2+/CE;RC-sV-A (F) mice. Expression of sdk1resulted in the W3B RGCs acquiring a narrow dendritic arbor similar to that of the Sdk1+RGCs shown in Figure 2. Pups were injected with tamoxifen at P2, and dissected at P32. Bar indicates 10μm for (A–F). (G) Laminar position of GFP+ spots from indicated genotypes was measured in micrographs such as those shown in (B–D), and plotted as in Figure 5 (n = 5–6 neurons from each of 3 animals). Plot at far right derived from VGlut3 staining. Variance scores are shown under the graph. Statistical significance of variance by F-test: ns, F > 0.1; **F < 0.001.



As noted above, satisfactory quantification was infeasible for RGCs, but we used analysis of variance to quantify these effects for VG3-ACs, demonstrating that they were highly significant. We also showed that Sdk1 acted similarly in a Sdk2 mutant background (sdk2CE/CE) (Figures 7D,G). Thus, Sdk1 can pattern dendritic arbors in cells that are normally sdk1-negative.

We then used this model to ask whether Sdk1 acts homophilically to pattern dendritic arbors. To this end, we expressed sdk1 in VG3-ACs in the absence of endogenous sdk1 (RC-vS-Sdk1; sdk2-CreER; sdk1ΔN/ΔN) (Figure 8). In this case, ectopic Sdk1 had no significant effect on VG3-AC arbors, suggesting that the effects of Sdk1 on dendrites require homophilic interactions among arbors.
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FIGURE 8. Sdk1 patterns dendrites homophillically. (A,B) Sdk1 was expressed in VG3 cells (RC-sV-Sdk1;sdk2+/CE) in the presence (sdk1+/ΔN) (A) or absence (sdk1 ΔN/ΔN) (B) of endogenous Sdk1. Pups were injected with tamoxifen at P2, and dissected at P32. Narrowing of arbors elicited by ectopic expression of sdk1 did not occur in the absence of endogenous Sdk1. Bar, 10μm. (C) Laminar positioning of GFP+ spots from indicated genotypes was measured in micrographs such as those shown in (A,B), and presented as boxplots as in Figure 5 (n = 5 neurons from each of 3 animals). Statistical significance of variance by F-test: ns, F > 0.1; **F < 0.001.





Sensitive Period for Sdk1 Function

We next used the ectopic expression model to ask whether Sdk1 can remodel dendrites after dendritic growth is over. To this end, tamoxifen was injected at P24 after IPL sublamination had been established. The morphological change documented above for P2 tamoxifen treatment was not observed at either P32 (Figures 9A,B,D) or P60 (Figures 9C,D). This result suggests that once lamination patterns are established, they are resistant to remodeling by Sdk1.
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FIGURE 9. Sensitive period for Sdk1 overexpression. (A–C) RC-sV-Sdk1 was crossed to sdk2+/CE (A,C) or sdk2CE/CE (B). In this experiment, the crosses were carried out as in Figures 6, 7, but pups were injected with tamoxifen at P24 instead of P2, and dissected at P32 (A,B) or P60 (C). Overexpression of sdk1 starting at P24 did not affect the morphology of VG3 cells. Bar, 10μm. (D) The laminar positioning of GFP+ spots from indicated genotypes was measured in micrographs such as those shown in (A,C), and presented as boxplots as in Figure 5 (n = 6 neurons from each of 2–3 animals). Statistical significance of variance by F-test: ns, F > 0.1; **F < 0.001. The data for P2-P32 are from Figure 5G for comparison.





Effects of Sdk1 on Starburst Amacrines and J-RGCs

Finally, we asked whether ectopic Sdk1 could affect lamination of other cell types. We tested two types for which reliable cre drivers were available: starburst amacrine cells (Chat-cre) (Rossi et al., 2011) and J-RGCs (JamCreER) (Kim et al., 2008). Starburst amacrine cell dendrites arborize in two narrow bands in S2 and S4. Levels of ectopically expressed Sdk1 were similar to endogenous levels in S3 (Figures 10A–D). However, the lamination of starburst amacrine cells appeared unaffected by the ectopic expression of sdk1.
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FIGURE 10. Sdk1 overexpression in starburst amacrine cells and J-RGCs. (A) Starburst amacrine cell dendrites stratify in S2 and S4. P30 section stained with anti-ChAT. (B) Overexpression of Venus (GFP) in starburst amacrine cells (RC-sV-A; ChAT-Cre) labels S2 and S4. (C) Overexpression of Sdk1 and Venus (GFP) in starburst amacrine cells (RC-sV-Sdk1; ChAT-Cre) labeled tight fascicles in S2 and S4, indistinguishable from controls (A,B). Staining with anti-Sdk1 confirms ectopic expression (C′,C″). (D) Immunostaining of wildtype P30 retina with anti-Sdk1 antibodies. Comparison with A′ indicates that recombinant Sdk1 is present at levels similar to those of endogenous Sdk1. (E–I) J-RGCs labeled in JamBCE ;RC-sV-Sdk1; sdk1 +/ΔN (E–G), JamBCE ;RC-sV-Sdk1; sdk1 ΔN/ΔN (H) or JamB1CE;RC-sV-A; ; sdk1 +/ΔN (I) mice. Pups were injected with tamoxifen at P2, and dissected at P32. J-RGC dendrites normally arborize in S1 (I) but expression of sdk1 led to formation of ectopic processes in S3 (E–G). Mistargeting arbors elicited by ectopic expression of sdk1 did not occur in the absence of endogenous Sdk1 (sdk1 ΔN/ΔN) (H). Bar, 10μm. (J) Laminar position of GFP+ spots from indicated genotypes were plotted as in Figure 5 (n = 5 neurons from each of 3 animals). Dots in S3 (40–60% IPL depth) were enlarged for emphasis. Statistical significance of variance by F-test: ns, F > 0.1; *F < 0.01.



J-RGC dendrites ascend through the IPL, crossing S3 to arborize in S1. In this case, overexpression of Sdk1 let to formation of dendritic branches in S3 (Figures 10E–J). As was the case for remodeling of VG3-AC dendrites, no remodeling was observed in a sdk1ΔN/ΔN background (Figures 10H,J), indicating that Sdk1 acts homophilically in J-RGCs.




DISCUSSION

A group of four closely related immunoglobulin superfamily adhesion molecules has been implicated in assembly of neural circuits in chick retina: Sdk1, Sdk2, Dscam and DscamL (Yamagata et al., 2002; Yamagata and Sanes, 2008, 2010, 2012a). Of these, three have also been shown to play roles in assembly of neural circuits in mouse retina: Sidekick 2, Dscam and DscamL (Fuerst et al., 2008, 2009; Krishnaswamy et al., 2015). Here, to complete this set of studies, we investigated the expression and role of Sdk1 in developing retina.


Sdks Mediate Sublaminar Specificity in Retina

Sdk1 and Sdk2 are each expressed by defined types of retinal neurons. Of ~140 total retinal neuronal types in mice, 11 (~7%) express sdk1 and/or sdk2 at appreciable levels. Of these, 3 express sdk1 but not sdk2, 5 express sdk2 but not sdk1 and 3 express both sdk1 and sdk2 (Figure 3K).

Of particular note are two pairs of sdk-positive neurons with arbors in S3. VG3-ACs and W3B-RGCs are both sdk2-positive and arborize in S3. Likewise, 2CA-ACs and S3-RGCs are both sdk1-positive and arborize in S3. The pairs differ, however, in their sublaminar restriction: the Sdk2-positive cells arborize diffusely within S3, whereas the Sdk1-positive cells arborize in a narrow stratum at the center of S3. Moreover, VG3-ACs synapse strongly whereas 2CA-ACs synapse only weakly on W3B-RGCs (Krishnaswamy et al., 2015). Together, these results suggest that the sdk1- and sdk2-positive pairs comprise separate channels in S3.

Genetic studies indicate that sdk1 and sdk2 mutants not only mark these channels but are necessary for their formation. The laminar restriction of VG3-ACs and W3B-RGCs is disrupted in sdk2 mutants, whereas there is no detectable effect on arbors of 2CA-ACs and Sdk1+S3-RGCs. Conversely, the laminar restriction of 2CA-ACs and Sdk1+S3-RGCs is disrupted in sdk1 mutants, with no detectable effect on arbors of VG3-ACs and W3B-RGCs. Physiological studies show that functional connectivity of VG3-ACs with W3B-RGCs is dramatically reduced in sdk2 mutants, with no effect on the weak 2CA-AC to W3B-RGC connectivity. As noted above, we have not yet been able to target Sdk1+S3-RGCs for recording, but we speculate that they will exhibit the opposite pattern—strong synapses from 2CA-ACs, weak synapses from VG3-ACs, loss of connectivity in sdk1 mutants, and no defects in sdk2 mutants.

We also found that sdk1+sdk2+ interneurons and RGCs share laminar restriction, with rod bipolar cells, ON-α sustained RGCs and M2 intrinsically photosensitive RGCs all of which arborize in S5. In this case, however, we detected no morphological defects in the arbors of these cells in sdk1 or sdk2 mutants or in sdk1sdk2 double mutants. Rod bipolars also express the related recognition molecule, DscamL (Fuerst et al., 2009), and it possible that deletion of both recognition systems would be required to disrupt these arbors.

Cells that express both sdk1 and sdk2 can, of course, interact with cells that express either sdk1+ or sdk2+, generating bifurcated circuits. In this regard, it is intriguing that Sdk1-positive A17 amacrine cells also arborize extensively in S5. A circuit involving A17 amacrine cells has been characterized in rabbits, and A17 terminals contact both rod bipolar axons and ON-RGC dendrites (Diamond, 2017). Likewise, Sdk2-positive horizontal cells interact with rod bipolar dendrites in the outer plexiform layer.



Sdk1 Acts Instructively and Homophilically During Arbor Formation

To analyze the mechanism by which Sdk1 acts we used a gain-of-function strategy, expressing it in cells that are normally sdk1-negative. From our results, we draw three conclusions. First, Sdk1 acts instructively. When expressed in VG3-ACs, it remodels their arbors in S3 from their normal diffuse pattern to the narrow, central pattern characteristic of Sdk1-positive 2CA-ACs. Likewise, expression of Sdk1 in J-RGCs, which arborize in S1, results in formation of ectopic branches in S3. Sdk1 is restricted in its potency, however; expression in starburst amacrines, with dendrites that border S3, has no detectable effect. We do not know what cell type-specific factors affect the ability of Sdk1 to pattern arbors.

Second, Sdk1 acts homophilically in that its ability to pattern arbors require that it be expressed in neighboring cells. Thus, expression of sdk1 in small numbers of VG3-ACs or J-RGCs fails to affect their arbors in a sdk1 mutant background. The simplest interpretation of this finding is that ectopically expressed sdk1 leads to fasciculation of neurites with those of cells that express sdk1 endogenously. This mechanism is consistent with the observation that formation of synapses between sdk2-positive cells requires expression of sdk2 on both synaptic partners (Krishnaswamy et al., 2015).

Third, Sdk1 acts during a restricted period of development, as arbors are forming. When ectopic expression is initiated after arbors have already formed, it has no detectable effect over a period of at least 1 month. Apparently, once arbors have matured, they become resistant to remodeling.

Taken together, we and Fuerst, Burgess, and colleagues have now demonstrated roles for Sdk1, Sdk2, Dscam and DscamL1 in patterning the IPL in both chick and mouse retina (Yamagata et al., 2002; Fuerst et al., 2008, 2009, 2012; Yamagata and Sanes, 2008, 2010; Krishnaswamy et al., 2015; Garrett et al., 2016). There are interesting differences in phenotype among molecules and between species. For example, Dscam and DscamL1 appear to act by an inhibitory mechanism in mice but an attractive mechanism in chicks, whereas Sdks act by an attractive mechanism in both species (Fuerst et al., 2008, 2009; Yamagata and Sanes, 2008; and this paper). Also, the four relatives are expressed by almost entirely non-overlapping populations in chick retina, whereas some retinal neuronal types express both sdks, and/or sdks and dscams (Fuerst et al., 2008, 2009 and this paper). Despite these differences, however, results to date make a strong case that selective expression of these recognition molecules, as well as the closely related contactins (Yamagata and Sanes, 2012a; Peng et al., 2017), generates an “immunoglobulin superfamily code” critical for synaptic specificity in the vertebrate retina.
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Many human neurodegenerative diseases are associated with amyloid fibril formation. Inhibition of amyloid formation is of importance for therapeutics of the related diseases. However, the development of selective potent amyloid inhibitors remains challenging. Here based on the structures of amyloid β (Aβ) fibrils and their amyloid-forming segments, we designed a series of peptide inhibitors using RosettaDesign. We further utilized a chemical scaffold to constrain the designed peptides into β-strand conformation, which significantly improves the potency of the inhibitors against Aβ aggregation and toxicity. Furthermore, we show that by targeting different Aβ segments, the designed peptide inhibitors can selectively recognize different species of Aβ. Our study developed an approach that combines the structure-based rational design with chemical modification for the development of amyloid inhibitors, which could be applied to the development of therapeutics for different amyloid-related diseases.
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INTRODUCTION

Amyloid diseases, including many neurodegenerative diseases, are increasingly prevalent in aging societies (Eisenberg and Jucker, 2012; Dobson, 2017). The pathogenesis of these devastating diseases is closely associated with aberrant protein aggregation (Chiti and Dobson, 2006). In the progression of amyloid aggregation, soluble proteins undergo a series of conformational changes and self-assemble into insoluble amyloid fibrils (Riek and Eisenberg, 2016). Plaques containing amyloid fibrils are one of the histological hallmarks of Alzheimer’s and Parkinson’s diseases (Lee et al., 1991; Spillantini et al., 1997; Koo et al., 1999). Various strategies have been exploited to interfere with the process of amyloid aggregation by targeting different conformational species, including stabilizing monomers by antibodies (Ladiwala et al., 2012), redirecting monomers to nontoxic off-pathway oligomers by polyphenolic compounds (Ehrnhoefer et al., 2008), accelerating mature fibril formation by fibril binders (Bieschke et al., 2012; Jiang et al., 2013), inhibiting fibril growing by peptide blockers (Seidler et al., 2018), and disrupting amyloid assembly by nanomaterials (Hamley, 2012; Huang et al., 2014; Lee et al., 2014; Li et al., 2018; Han and He, 2018). Many of these strategies show promising inhibitory effects against toxic amyloid aggregation (Härd and Lendel, 2012; Arosio et al., 2014), but so far none has led to clinical drugs because of unsettled issues such as target selectivity, side effects, membrane permeability and penetration of the blood-brain barrier.

Amyloid β (Aβ) has long been targeted for drug development and therapeutic treatment of Alzheimer’s disease (Caputo and Salama, 1989; Haass and Selkoe, 2007; Sevigny et al., 2016). In addition to the common difficulties in targeting amyloid proteins, Aβ is especially challenging since it contains multiple species with various lengths generated by γ-secretases (Acx et al., 2014; Kummer and Heneka, 2014; Szaruga et al., 2017). Many studies have shown that Aβ42 rather than Aβ40 is more prone to form toxic aggregates, and the ratio of Aβ42/Aβ40 is better correlated with the pathology rather than the amount of each individual Aβ species (Lewczuk et al., 2004; Jan et al., 2008; Kuperstein et al., 2010). However, selective inhibition of Aβ42 is very difficult because it is only two residues longer than Aβ40 at the C-terminus. In this work, we targeted two key amyloid-forming segments of Aβ42 (16KLVFFA21 and 37GGVVIA42) based on the cryo-EM structure of Aβ42 fibrils reported recently (Gremer et al., 2017). We designed peptide binders of these two segments using RosettaDesign with the atomic structures of these two segments as templates (Sawaya et al., 2007; Colletier et al., 2011). The designed sequences showed inhibitory effect to Aβ42 fibril formation. We further utilized a macrocyclic β-sheet mimic scaffold (Zheng et al., 2011; Cheng et al., 2012, 2013) to constrain the designed peptide inhibitors in β-conformation, which significantly enhanced the inhibitory effect on Aβ42 aggregation. Furthermore, we show that the peptide inhibitor designed to target the C-terminus of Aβ42 can selectively inhibit Aβ42 aggregation, but not to that of Aβ40 or other amyloid proteins. Our work shed light on the application of structure-based rational design combined with chemical modification in the development of therapeutics for Alzheimer’s disease and other amyloid-related diseases.



MATERIALS AND METHODS


Structure-Based Design by Rosetta Software Package


Initial Structure Model for Design

We chose two key amyloidogenic Aβ segments, 16KLVFFA21 and 37GGVVIA42, for our inhibitor design. The design templates were taken from the crystal structures of KLVFFA (PDB ID: 2Y2A) and GGVVIA (PDB ID: 2ONV). The backbone of the inhibiting pentapeptide was fully extended to mimic β-conformation. This extended peptide was aligned with the N, C, and O backbone atoms of the template.



Rosetta Design of Fibril-Inhibiting Peptides

The peptide inhibitors were subsequently designed to ensure maximal interaction, while keeping the template amino acid sequence fixed. Computational designs were carried out using the RosettaDesign software package1. This algorithm involves building side-chain rotamers of all L-amino acids onto a fixed peptide backbone. The optimal set of side-chain rotamers at each position with the best interaction energy is then identified, with the guidance of a full-atom energy function containing a Lennard-Jones potential, an orientation-dependent hydrogen bond potential, an implicit solvation term, amino acid-dependent reference energies, and a statistical torsional potential that depends on the backbone and side-chain dihedral angles. Finally, the entire structure was refined by simultaneously optimizing degrees of freedom on: (1) the rigid-body geometry between the inhibiting peptide and template; (2) backbone torsions of each peptide; and (3) side chain torsions of each peptide. The lowest-energy model was picked and the interaction energies of each final model from different peptide inhibitors are listed in Table 1.


TABLE 1. Characteristics of designed peptide inhibitors.
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Circular Dichroism Spectroscopy (CD)

Chirascan spectrometer (Applied Photophysics) equipped with a Peltier temperature controller (Quantum Northwest) is used to acquire the CD spectra. Far UV spectra (240–180 nm) are collected in 0.05 cm path-length quartz cells. Sample concentration is 600 μM. All measurements are conducted at 23°C. Water is used as blank for subtraction from corresponding samples. Secondary structure is predicted from CD using CDPro (Eisenberg and Jucker, 2012).



Preparation of Aβ42 and Aβ40

Both Aβ42 and Aβ40 were purified from E. coli expression system as reported previously (Dobson, 2017). The expression constructs contain an N-terminal His-tag, followed by 19 repeats of Asn-Ala-Asn-Pro, the Tobacco etch virus (TEV) protease site, and the sequence of Aβ42 or Aβ40. Purification of Aβ42 and Aβ40 follows the same experimental procedure. Briefly, the Aβ fusion protein was overexpressed into inclusion bodies in E. coli BL21(DE3) cells. The inclusion bodies were solubilized in 8 M urea, followed by washing in a high salt and detergent-containing solution. The Aβ fusion proteins were purified through HisTrapTM HP Columns, followed by reversed-phase high-performance liquid chromatography (RP-HPLC). After cleavage by TEV protease, Aβ was released from fusion protein, and purified through RP-HPLC followed by lyophilization. To disrupt preformed Aβ aggregates, lyophilized Aβ powder was resuspended in 100% HFIP and incubated at room temperature for 2 h. HFIP was fully removed by evaporation. Before used in ThT or MTT assay, Aβ was freshly dissolved in 10 mM NaOH, solubilized by sonication. Aβ is further diluted to 200 μM in phosphate buffer saline (PBS) as a stock solution.



Synthesis of Designed Macrocyclic Peptides

Designed macrocyclic peptides were synthesized by standard Fmoc solid-phase peptide synthesis. In brief, with Boc-Orn(Fmoc)-OH attached onto 2-chlorotrityl chloride resin, the linear peptide was elongated by standard automated Fmoc solid-phase peptide synthesis. Then, the peptide was cleaved from the resin under mildly acidic conditions, followed by being cyclized to the corresponding protected cyclic peptide by slow addition to HCTU and DIEA in dilute (ca. 0.5 mM) DMF solution. Since the C-terminus of the protected linear peptide comprises an amino acid carbamate (Boc-NH-CHR-COOH), the cyclization condition efficiently avoids problematic epimerization. The final deprotection with TFA solution followed by RP-HPLC purification yielded macrocyclic peptides in 18%–43% overall yield, based on the loading of Boc- Orn(Fmoc)-OH attached onto the resin.



1H NMR Spectroscopy

1H NMR experiments for the designed macrocyclic peptides were performed in D2O with the internal standard 4,4-Dimethyl-4-silapentane-1-ammonium trifluoroacetate (DSA) at 500 MHz (Brüker Avance) or 600 MHz (Brüker Avance). All peptides were studied at 2 mM in D2O at 298 K. Sample solutions were prepared gravimetrically by dissolving the macrocyclic peptides directly in solvent. All amino groups were assumed to be protonated as the TFA salts for molecular weight calculation. The data were processed with the Brüker XwinNMR software.



ThT Fluorescence Assay

Thioflavin T (ThT) fluorescence assays were performed to monitor the real-time aggregation of Aβ42 and Aβ40 in the absence or presence of designed peptides. ThT assays were conducted in 96-well plates (black with flat optical bottom) in a Varioskan fluorescence plate reader (Thermo Scientific, 444 nm excitation, 484 nm emission). Each experiment was run in triplicates. The reaction solution contained 30 μM pre-disaggregated Aβ42 or Aβ40, 10 μM ThT, and designed peptides at indicated concentrations in PBS. The ThT assay was conducted at 37°C, without shaking for the Aβ42 aggregation assay, and with shaking (300 rpm) for Aβ40 aggregation assay. The fluorescence readings were collected every 2 min.



Native Gel Electrophoresis

Purified Aβ42 powder was pre-treated by HFIP and dissolved in PBS buffer as described above. Aβ42 solution was diluted to a final concentration of 10 μM with or without the macrocyclic peptides mcG6A1, mcG6A2, and mcK6A1 (the final concentration of the inhibitors was 50 μM), and incubated at 37°C for 7.5 h. The samples were separated by a NativePAGE 4%–16% BisTris Gel (Novex, USA) and transferred to a nitrocellulose membrane pre-packed in iBlot 2 NC Mini Stacks (Novex, USA) by iBlot 2 Dry Blotting System (Life technologies, USA). The membrane was probed by β amyloid, 1–16 (6E10) Monoclonal Antibody (Covance, USA) and secondary anti-mouse IgG-HRP (MBL, USA), and detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo, USA). The freshly made Aβ42 sample without inhibitors was loaded to a separated native gel and detected by the same method as a 0-h control. The molecular weight of the protein aggregates or monomer were accurately determined by the protein standard especially for native gel (Life technologies; cat. # LC0725).



Transmission Electron Microscopy (TEM)

For specimen preparation, 5 μl of each sample was deposited onto a glow-discharged carbon film on 400 mesh copper grids, followed by washing in water twice. The grids were then stained in 0.75% uranyl formate. A Tecnai G2 Spirit transmission electron microscope operating at an accelerating voltage of 120 kV was used to examine and visualize the samples. Images were collected by a 4k × 4k charge-coupled device camera (BM-Eagle, FEI).



Cell Viability Assay

We performed MTT-based cell viability assays to evaluate the toxicity of Aβ42 in the absence or presence of the designed peptides. We used a CellTiter 96 aqueous non-radioactive cell proliferation assay kit (Promega cat. # G4100). PC-12 cell lines (ATCC; cat. # CRL-1721) were used to test the cytotoxicity of Aβ42 under different conditions. PC-12 cells were cultured in ATCC-formulated RPMI 1640 medium (ATCC; cat. # 30-2001) with 5% fetal bovine serum and 10% heat-inactivated horse serum. Before the cell viability experiment, PC-12 cells were plated at 10,000 cells per well in 96-well plates (Costar; cat. # 3596), and cultured for 20 h at 37°C in 5% CO2. For the preparation of Aβ42 and peptide inhibitors mixture solutions, purified and pre-disaggregated Aβ42 samples were dissolved in PBS to a final concentration of 5 μM, followed by the addition of different peptide inhibitors at indicated concentrations. The mixture solution was filtered through a 0.22 μm filter, followed by incubation at 37°C without shaking for 16 h. To initiate the cell viability assay, 10 μl of pre-incubated mixture was added to each well containing 90 μl medium. After incubation at 37°C in 5% CO2 for 24 h. Fifteen microliter Dye solution (Promega; cat. # G4102) was applied into each well. After incubation for 4 h at 37°C, 100 μl solubilization Solution/Stop Mix (Promega; cat. # G4101) were added. After further incubation at room temperature for 12 h, the absorbance reading was collected at 570 nm with background reading at 700 nm. Four replicates were measured in parallel for each sample. The cell survival rate was normalized by using the PBS-treated cells as 100% and 0.02% SDS-treated cells as 0% viability.




RESULTS


Structure-Based Design of Peptide Inhibitors

To effectively inhibit Aβ fibril formation, we targeted two key amyloid-forming segments of Aβ42: 16KLVFFA21 and 37GGVVIA42 (Figure 1A). The 16KLVFFA21 segment has been identified as a key segment accounting for both Aβ42 and Aβ40 nucleation and fibrillation (Ahmed et al., 2010; Colletier et al., 2011; Fawzi et al., 2011; Lu et al., 2013). In the known structures of Aβ fibrils including the recent cryo-EM structure of Aβ42 and the previous solid-state NMR structure of Aβ40 (Paravastu et al., 2008; Ahmed et al., 2010), this segment forms extended β-strands and stacks repetitively along the fibril axis to form the Aβ fibril core (Supplementary Figure S1). Thus, we selected 16KLVFFA21 as one of our design targets. In addition, the cryo-EM structure of Aβ42 fibril shows that the C-terminal segment 37GGVVIA42 plays an essential role in the fibril formation (Supplementary Figure S2). 37GGVVIA42 of one protofilament interdigitates via side chains with its counterpart of the neighboring protofilament forming a steric-zipper-like interaction to compose the mature fibril. Therefore, preventing the self-assembly of either 16KLVFFA21 or 37GGVVIA42 may potentially inhibit the assembly of Aβ42 fibrils.
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FIGURE 1. Structure-based peptide inhibitor design of amyloid β (Aβ) amyloid aggregation. (A) The fibril structure of full-length Aβ42 determined by cryo-EM (PDB ID: 5OQV) is shown as black ribbons. The atomic crystal structures of peptides KLVFFA (PDB ID: 2Y2A, cyan) and GGVVIA (PDB ID: 2ONV, magenta) are aligned on one of the two protofilaments of the full-length Aβ42 fibril structure and shown as sticks. (B) The fibril structure of full-length Aβ40 determined by solid-state NMR (PDB ID: 2LMN) is shown as black ribbons. The atomic crystal structure of peptides KLVFFA is aligned on one of the two protofilaments of the full-length Aβ40 fibril structure and shown as sticks. (C) Design strategy for peptide inhibitors of amyloid fibrils. The designing template is a five-stranded sheet extracted from the fibrillar structure of the targeting segment. Peptide inhibitors (in cyan) are designed to have the optimal interactions with the target via backbone hydrogen bonds (yellow dashed lines) and complementary side-chain interactions (shown as spheres and dots). Oxygen atoms are in red. Nitrogen atoms are in blue.



For structure-based computational design, we used the atomic structures of 16KLVFFA21 (PDB ID: 2Y2A) and 37GGVVIA42 (PDB ID: 2ONV) as templates. The atomic structures of these two segments represent their conformations in the context of the full-length Aβ fibrils (Figures 1A,B). Based on the structures of the two targeting templates, we designed pentapeptides that bind the targeting segments to block the stacking of Aβ molecules along the fibril axis, thus inhibiting fibril growth (Figure 1C). We extracted a five-stranded layer from the steric-zipper structure of each segment, and docked a fully extended pentapeptide backbone on one end of the β-sheet. Then, we maximized the backbone interaction with the template by forming a backbone H-bonding network. To further increase the binding affinity and selectivity, we searched for the canonical L-amino acids at each position of the pentapeptide, using RosettaDesign (Leaver-Fay et al., 2011) for the side chains and their conformations, that provide maximal interactions with the template.

Next, we calculated the binding energy, buried surface area and shape complementarity of the binding interfaces of the predicted binding models, and proceeded with experimental validation for the top-ranking designs. Using ThT fluorescence assay, we observed that the top-5 designs showed inhibitory effects on Aβ42 amyloid aggregation by significantly delaying the aggregation lag time (Xue et al., 2008; Knowles et al., 2009; Figure 2). Among them, two peptide inhibitors (K6A1 and K6A2) were designed for targeting 16KLVFFA21 and three (G6A1-G6A3) were for 37GGVVIA42 (Table 1). Furthermore, unlike their targeting segments, the five designed peptides do not form amyloid fibrils by themselves (Supplementary Figure S3).
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FIGURE 2. Inhibitory effects of designed peptides on Aβ42 amyloid aggregation measured by the thioflavin T (ThT) fluorescence assay. (A) The ThT fluorescence curves of Aβ42 in the presence of designed peptide inhibitors. The molar ratio of Aβ:peptide-inhibitor is 1:5. Three replicates were measured for each curve. The lag time of Aβ42 aggregation in the presence of peptide inhibitors is compared in (B). *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001.





Constraining the Structures of Designed Peptides With a Chemical Scaffold

We next sought to enhance the potency of the peptide inhibitors. In our design, the peptide inhibitors were expected to adopt an extended β-strand conformation to maximize the interaction with the template (Figure 1C). However, in solution, the peptides are mainly unstructured (Supplementary Table S1). Thus, upon binding to the template, the peptides need to undergo conformational change to form extended β strands, which causes an entropy decrease and thus weakens the binding affinity of the peptides to the template. To overcome the entropy lost during the conformational change, we adopted a macrocyclic β-sheet mimic scaffold to fix the peptide binders into β strands (Figure 3A). The Nowick group has developed a series of macrocycles in different sizes as robust scaffolds for displaying peptides of interest in β-conformation (Liu et al., 2012; Cheng et al., 2013; Salveson et al., 2016; Kreutzer et al., 2017). According to the length of our designed peptides, we chose a 42-membered macrocyclic β-sheet mimic and grafted the designed sequence into the open strand of the macrocyclic scaffold with appropriate amino acids in the blocking strand for proper solubility and stability (Figure 3B). The β-strand conformation of the grafted sequence was validated by measuring the α-H shifts and δOrn anisotropy using 1H NMR experiments (Supplementary Figures S4, S5) in solution. Furthermore, we confirmed that the macrocycles carrying the designed peptides do not form amyloid aggregation in solution, while those carrying native amyloid-forming sequences may form amyloid fibrils with an out-of-register packing (Lu et al., 2013; Supplementary Figure S3).
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FIGURE 3. Design of macrocyclic peptide inhibitors. (A) The schematic shows that as the macrocyclic β-sheet mimic scaffold constrains the designed peptide sequence into a β-strand, the entropy loss is diminished during the process of target binding. “f” represents free peptide; “mc” represents macrocyclic peptide. The zoom-in view shows the structure model of a macrocyclic inhibitor binding to the targeting segment. The targeting segment is in magenta. The designed sequence is in cyan. The macrocyclic scaffold is in gray. H-bonds between the designed sequence and the targeting sequence are labeled by yellow dotted lines. (B) The 42-membered macrocyclic scaffold used in this study. The open strand (positions R1 to R5) accommodates the designed peptides in β-conformation. Two δ-linked ornithine turn units are in blue. The Hao unit in the blocking strand is in red. Sequences of R1-R7 are listed in the table below.



Next, we tested the inhibitory effects of the macrocyclic peptides on Aβ42 amyloid aggregation. The result showed that, in comparison with the free peptides, the macrocyclic peptides remarkably enhanced the inhibition on Aβ42 aggregation (Figures 2B, 4A,B, and Supplementary Figures S6–S10). For instance, the macrocycle carrying K6A1 (mcK6A1) is about 10 times more potent than free K6A1 in prolonging the lag time of Aβ aggregation. The macrocyclic peptides inhibited the amyloid aggregation of Aβ42 in a dose-dependent manner. McK6A1, mcG6A1 and mcG6A2 showed remarkably strong inhibition with a 7–10-fold increase of the lag time at sub-stoichiometric concentrations of 0.2 molar equivalence to Aβ42 monomer (Figure 4A).
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FIGURE 4. Inhibitory effects of designed macrocyclic peptides on Aβ42 amyloid aggregation and cytotoxicity. (A) The designed macrocyclic peptides, in particular mcK6A1, mcG6A1 and mcG6A2, significantly inhibit the amyloid fibril formation of Aβ42 in a dose-dependent manner. (B) Transmission electron microscopy (TEM) images of Aβ42 (20 μM) after incubation without inhibitors (top) and with 1.0 equivalent of mcK6A1 (bottom) to Aβ monome for 15 h. The scale bars are 200 nm. (C) Inhibition of Aβ42 oligomers. Aβ42 oligomers formed after 7.5 h of incubation at a concentration of 5 μM (by Aβ42 monomer equivalence) were invisible on the native gel with the addition of five molar excess of designed macrocyclic peptides. (D) The designed peptide inhibitors ameliorated Aβ42 cytotoxicity to PC-12 cells. The first column is the cells treated with 0.1 mM NaOH and phosphate buffer saline (PBS) as a positive control. Error bars correspond to standard deviations three replicates of each experiment. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001; n.s. represents “not significant”.



Moreover, we found that the designed macrocyclic peptides can inhibit the formation of Aβ42 oligomers, the toxic intermediates of Aβ aggregation, monitored by the native gel (Figure 4C). This result demonstrated that targeting 16KLVFFA21 and 37GGVVIA42 can prevent both oligomer and fibril formation, indicating the potential important role of these two segments in the early stage of Aβ42 aggregation. To further assess whether the designed peptides can reduce Aβ cytotoxicity, we performed the MTT-based cell viability assay. The result showed that the designed macrocyclic peptides can significantly reduce the cytotoxicity of Aβ42 to PC-12 cells even with a molar ratio of inhibitor to Aβ42 as low as 0.2:1 (Figure 4D). Also, the designed macrocyclic peptides showed little toxicity to the PC-12 cells (Figure 4D). In addition, the designed inhibitors of Aβ42 showed no inhibition of the amyloid aggregation of other amyloid proteins (e.g., α-synuclein and the K19 variant of Tau), indicating that the designed peptides are highly sequence-specific (Supplementary Figure S11).



Designed Peptides Selectively Inhibit the Aggregation of Aβ42 but Not Aβ40

Selective inhibition of Aβ42 aggregation over that of Aβ40 is challenging because Aβ42 is only two residues longer than Aβ40 at the C- terminus (Figure 5A). Since segment 37GGVVIA42 exists only in Aβ42, the designed peptides that target this segment may selectively inhibit the aggregation of Aβ42 but not that of Aβ40. As shown in the designed models, mcG6A1 that is designed to target 37GGVVIA42 forms extensive side-chain interactions with 37GGVVIA42 (Figure 5B). The aromatic residues Tyr and Phe of mcG6A1 interact with Ile41 of 37GGVVIA42 via van der Waals forces. The absence of Ile41 and Ala42 in Aβ40 diminishes the binding of mcG6A1 to Aβ40. Indeed, the experimental data showed that mcG6A1 and mcG6A2 that strongly inhibit the amyloid aggregation of Aβ42, cannot effectively inhibit the aggregation of Aβ40, as measured by ThT assay (Figure 5C, Supplementary Figures S12, S13). Note that a weak inhibitory effect of mcG6A1 and mcG6A2 to Aβ40 remains, which might come from non-specific backbone interactions between the inhibitors and Aβ40 (Figure 5B). In contrast, mcK6A1 that was designed to target the 16KLVFFA21 segment, a segment important for the amyloid aggregation of both Aβ42 and Aβ40, showed a dose-dependent inhibition of both Aβ42 and Aβ40 aggregation (Figures 4A, 5C,D, and Supplementary Figure S14). However, the inhibitory efficiency of mcK6A1 on Aβ40 is weaker than that on Aβ42, indicating that 16KLVFFA21 may play a more important role in Aβ42 aggregation than that of Aβ40. This implication is in agreement with the hypothesis that Aβ42 and Aβ40 may employ different amyloid nucleation and aggregation process (Sánchez et al., 2011; Meisl et al., 2014).
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FIGURE 5. Specificity of designed macrocyclic peptides for the inhibition of Aβ42 and Aβ40 aggregation. (A) The sequences of Aβ42 and Aβ40. The amyloid-forming segment 16KLVFFA21 (highlighted in orange) is present in both Aβ42 and Aβ40, while segment 37GGVVIA42 (highlighted in magenta) is present only in Aβ42. The consensus sequence of Aβ42 and Aβ40 is highlighted in gray. (B) The structure models of mcG6A1 (cyan) in complex with 37GGVVIA42 (magenta) and 16KLVFFA21 (orange), respectively. McG6A1 was designed based on the structure of GGVVIA. Residues Tyr and Phe of mcG6A1, and Ile41 of GGVVIA (highlighted with a gray frame) engage in van der Waals interactions at the inhibitor-target interface. In contrast, mcG6A1 designed for GGVVIA has no specific side-chain interactions, but merely non-specific back-bone interactions with KLVFFA. (C) The effects of mcK6A, mcG6A1 and mcG6A2 on Aβ40 aggregation (30 μM by Aβ40 monomer equivalence), measured by ThT assay. Error bars correspond to standard deviations of three replicates of each experiment. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001; n.s. represents “not significant.” (D) TEM images of Aβ40 (30 μM) after incubation without inhibitors (left), and with 1.0 equivalent of mcK6A1 to Aβ monome (right). The scale bars are 200 nm.






DISCUSSION

Development of peptide-based drugs is gaining greater attentions. In general, peptide-protein interactions have a high density of hydrogen bonds and highly complementary packing via hot-spot binding residues, leading to high binding affinity and exquisite selectivity with fewer off-target side effects (Kaspar and Reichert, 2013). Many attempts have been made to rationally design peptide inhibitors of amyloid protein aggregation, including modified internal segments of parent amyloid proteins, non-natural amino-acid inhibitors, proline substitutions, and other methods (Abedini et al., 2007; Sievers et al., 2011). Recently, RosettaDesign shows effectiveness for designing novel proteins and peptides with predicted structures having atomic accuracy (Bhardwaj et al., 2016; Huang et al., 2016). This technical advance has enabled the peptide inhibitor design of Tau aggregation (Abedini et al., 2007; Seidler et al., 2018). In this study, we designed peptides that can efficiently inhibit Aβ42 aggregation. Notably, the designed peptides show selectivity for the intended amyloid target, in contrast to small molecule inhibitors (e.g., EGCG and methylene blue) that broadly interfere amyloid aggregation of many proteins (Necula et al., 2007; Jiang et al., 2013; Palhano et al., 2013). Furthermore, the designed peptides can differentiate Aβ42 from Aβ40, demonstrating the accuracy and potency of structure-based rational design.

Short peptides composed of natural amino acids normally form unstructured ensembles in solution. If a defined conformation is required for target binding, conformational changes may occur upon binding, at a large entropic cost. This counteracts enthalpy gain from the favorable interaction of the designed peptide and its target, and consequently reduces the binding affinity of the peptide with its target. Therefore, constraining the designed peptide in the desired conformation (“pre-organization”) can minimize the entropic cost and increase the binding affinity. Chemical scaffolds provide a powerful toolbox for constraining peptides in defined secondary or tertiary structures in solution (Mowery et al., 2009; Azzarito et al., 2013; Cheng et al., 2013; Johnson and Gellman, 2013). In this work, we use a macrocyclic β-sheet mimic scaffold to constrain the designed peptides into β strands. Our results show significant enhancement of inhibition gained by the conformational constraint, which highlights the importance of conformation-constraint and the advantage of a chemical scaffold in the development of peptide binders. In addition, biopharmaceutical properties, such as degradation resistance and membrane permeability, may be achieved by modifying the chemical scaffold, rather than changing the inhibitor sequences.

Macrocyclic β-sheet mimics have been shown to be a useful model system to study the structural basis of amyloid-like oligomers and fibrils (Liu et al., 2012; Cheng et al., 2013; Zheng et al., 2013; Salveson et al., 2016). A variety of key amyloidogenic segments from different amyloid proteins (e.g., Aβ, α-synuclein and prion) were constructed into the macrocycles (Zheng et al., 2011; Cheng et al., 2012). However, the self-assembling and potential toxic properties of macrocyclic molecules that contain native amyloid-forming sequences hinder application of macrocycles in the development of amyloid inhibitors (Liu et al., 2012; Salveson et al., 2016). In this study, by using RosettaDesign approach, we developed novel sequences and incorporated them into macrocycles. These designed macrocyclic peptides resist self-assembly and exhibit little cytotoxicity. In additional to Aβ, the structures of many other pathogenic amyloid fibrils have been determined recently (Tuttle et al., 2006; Fitzpatrick et al., 2017; Murray et al., 2017). Thus, the strategy of combining RosettaDesign and chemical scaffolds may be useful for peptide inhibitor design of different amyloid proteins for a variety of amyloid-related diseases.
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The translational gap to treatments based on gene therapy has been reduced in recent years because of improvements in gene editing tools, such as the CRISPR/Cas9 system and its variations. This has allowed the development of more precise therapies for neurodegenerative diseases, where access is privileged. As a result, engineering of complexes that can access the central nervous system (CNS) with the least potential inconvenience is fundamental. In this review article, we describe current alternatives to generate systems based on CRISPR/Cas9 that can cross the blood–brain barrier (BBB) and may be used further clinically to improve treatment for neurodegeneration in Parkinson’s and Alzheimer’s disease (AD).
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INTRODUCTION

The most common and prevalent worldwide neurodegenerative diseases are Alzheimer’s disease (AD) and Parkinson’s disease (PD). Thus far, there is no cure, nor is the etiology of either condition completely understood. Progression and ultimately death in patients with a very advanced degree of AD/PD may possibly be attributed to not having fully elucidated the molecular mechanisms that underlie these diseases (Kampmann, 2017). However, the CRISPR system and its variations open up a range of unprecedented possibilities for examining the genome and finding potential markers of early expression (Hu et al., 2018) or the development of personalized therapies that have a real impact on neurodegenerative conditions. On the other hand, research groups have developed gene therapy based on editing tools with nucleases by applying ingenious designs in vivo, achieving the first cases of clinical patient referrals. These achievements have shown a huge reduction in the marked gap between basic medical research and translational medicine.

In order to establish new gene therapies that could be applied in a translational way to neurodegenerative diseases, a robust design approach for gene editing systems must be considered. It should be noted that thorough in silico design is the fundamental basis of the performance of therapy in vivo, as has been demonstrated through the success of several working groups by monitoring a workflow that is the right choice of the basic elements of the CRISPR/Cas9 system (Figure 1).
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FIGURE 1. General workflow for generation of CRISPR/Cas9 strategies for purposes of gene therapy. (A) First, the mutants or orthologes derived from SpCas9 evidenced by other research groups and those commercially available should be explored. Due to the emerging amount of literature, selection of the most suitable options will impact directly in the cost benefit of editing. (B) The elaboration of diverse libraries with thousands of single-guide RNAs (sgRNAs) allows to select those that generate real hits in the flank sequences, lowering the risk of off-target effects, verified by next-generation sequencing later. (C) Currently, there are various ways for the efficient delivery in situ of gene-editing tools. Several options are currently under investigation, especially methods that involve delivery by means of non-invasive methods.





CURRENT VARIANTS OF spCas9

Based on previous discoveries, the concept of diversifying the system by looking for other microorganisms with functional orthologous proteins and mutagenesis of the enzyme spCas9 obtained from Streptococcus pyogenes was raised in order to increase the percentage of efficiency and delivery when editing. Cebrian-Serrano and Davies (2017) described the structural redesign of spCas9, mutating regions of key residues and the function of the new variants of Cas9 in view of their application in mammalian gene therapy (Cebrian-Serrano and Davies, 2017). Currently, the spCas9 variants successfully used for mammalian gene editing are nCas9, dCas9-FokI, Cas9-VQR, Cas9-EQR, Cas9-VRER, Cas9-D1135E, Cas9-QQR1, SpCas9-HF1, eSpCas9 (1.0), and eSpCas9 (1.1). One of the new systems, referred to as “CRISPR 2.0,” was created by Gaudelli et al. (2017). They managed to perform seventh-generation adenine base (ABEs) editing, allowing the conversion of A-T to G-C in genomic DNA by RNA adenosine deaminase to operate in DNA, through the fusion of a CRISPR-Cas9 mutant to its catalytic site. The results exhibited 50% editing efficiency in human cells with a high purity (99%) and low rates of indels (≤0.01%), producing a more efficient and clean system for the introduction of specific mutations. Remarkably, it allows the direct and programmable introduction of the four mutations, A-T/G-C, without performing the classic rupture in the double-stranded DNA (Gaudelli et al., 2017). Therefore, each system has a specific purpose that is dependent on the nature of the editing to be performed. In the same way, each research group can adapt the fundamental elements of the system into their experiments. Consequently, in a few years, there will be a very diverse toolbox that includes specific Cas9 systems for each human cell lineage (somatic or stem cell), highly efficient in making the most possible changes to the genome without affecting vital functions.



ROBUST DESIGN OF SINGLE-GUIDE RNAs

Without doubt, one aspect that directly affects efficiency is the intelligent design of single-guide RNAs (sgRNAs). Previously, the guides were created without consideration for several parameters that have been identified as key factors to increase specificity over time. Several studies have shown that the off-target activity of Cas9 depends on the chemical composition of sgRNA and on the conditions in which the experiment is performed (Fu et al., 2013; Hsu et al., 2013; Ran et al., 2013; Guilinger et al., 2014; Veres et al., 2014). However, some general properties among them are difficult to determine because it is necessary to carry out an extensive series of studies that verify the interaction between DNA and RNA, making it possible to discriminate a true hit from false positives. Therefore, several platforms and algorithms have been established to optimize the generation of very wide libraries of possible sgRNAs for the same gene and are currently available online. Doench et al. (2014) discovered characteristic sequences that improve the activity of sgRNAs and optimize the site PAM for S. pyogenes. The study consisted of obtaining a platform that would improve the design of sgRNAs, evaluating a total of 1,841 in mammalian cells, for purposes of genetic screening and editing, culminating in an online tool for the design of highly active sgRNAs useful for any gene1.

Based on the results of Doench et al. (2016), human libraries were generated called Avana (110, 257 sgRNAs) and Asiago (120, 453 sgRNAs) selecting six guides per gen, according to the rules to improve the design of sgRNAs (rule set 1; Doench et al., 2014), including specificity within region protein encodings and the localization of the target site within the gene. Using the cutting frequency determination (CFD) score for the most lethal sgRNA shows that a significant increase in the number of off-target sites was found. This observation suggests that guides with previously determined off-target sites exhibit more frequent depletion in negative selection screening, therefore avoiding such promiscuous sgRNAs and resulting in better performance of the designed library (Doench et al., 2016). In previous work, a better online tool was developed, increasing the efficiency in the design of sgRNAs for editing in human and mouse cells; however, the platform only included Cas9 enzymes belonging to S. pyogenes, which only recognizes the PAM-NGG site, and Cas from Staphylococcus aureus, which recognizes the PAM-NNGRR site. Therefore, it is recommended to use other tools for the design of sgRNAs directed at variants of Cas or Cas9-type enzymes that recognize different sites from PAM of the SpCas9. It should be noted that other research groups have shown that the composition and order of the sequence of the sgRNAs have a direct impact on the success of the editing. For example, Wang et al. (2014) determined that an inadequate design compromises the efficiency and specificity of the desired editing. In another study, it was observed that in the presence of guanine (G) in the first or second position with respect to PAM, the specificity increased. Likewise, Xu et al. (2015) showed that the presence of multiple T adjacent to the PAM site is not advisable because of the loss of specificity. In another work, Moreno-Mateos et al. (2015) observed that sgRNAs rich in G and poor in the presence of adenine (A) promote the increase of stability and efficiency. Another relevant aspect that has been exhaustively assessed is the tolerance of mismatches. It has been reported that there is a greater tolerance for the presence of mismatches in the terminal region of the sgRNAs. Moreover, the presence of five mismatches was defined as the limit of tolerance, because with more than five mismatches, cuts in the sequence at sites where there were no targets and consequently the presence of unwanted mutations were found (Fu et al., 2013). As described above, it is established that by following the above recommendations, large, highly specific, and efficient libraries can be obtained for editing specific target sites and avoiding false positives in gene therapy in vivo.



IMPROVED METHODS FOR THE DELIVERY OF CRISPR COMPONENTS

The advantage of the CRISPR/Cas9 gene editing system in mammalian cells is the high efficiency observed when knock-out models are made by the non-homologous end joining (NHEJ) repair mechanism and the union of nonhomologous ends. However, this efficiency decreases dramatically during the production of knock-in models due to the nature of repairing with the homologous recombination mechanism (HDR; Ran et al., 2013; Rong et al., 2014). Because of the enormous implications of being able to insert fragments at will in the genome in such a specific way, several studies have suggested improvements to increase this repair mechanism. González et al. (2014) co-delivered sgRNA and a single-stranded oligodeoxynucleotide (ssODN) donor in human pluripotent cells (hPSCs) expressing Cas9, generating homozygotic knock-in clones with an efficiency of slightly more than 10%. Lin et al. (2014) synchronized HEK293T cells and hESCs in phase M using the antineoplastic agent nocodazole and introduced nucleofection of the ribonucleoproteins complexes of Cas9 (RNPs) and ssODNs, resulting in a significant increase of the insertion by the HDR mechanism of 38% for HEK293T cells and 1.6% for hESCs, contrasting with negative controls that were not synchronized (26% in HEK293T and 0% in hESCs). Schumann et al. (2015) obtained an efficiency of 20% in the delivery of RNPs-Cas9 and ssODNs in primary T-cells using an electroporation technique, obtaining human knock-in cells with a high efficiency. As previously mentioned, the techniques most used to introduce exogenous material to mammalian cells are lipofection, electroporation, and microinjection. Some of these techniques have been improved with the desire to adapt them to cells that are “tricky” to transform as stem cells. However, to prepare CRISPR technology adequately for use in gene therapy, there are some limitations that have to be overcome (Kelton et al., 2016). Among them is the use of plasmids that contain the Cas9 sequences, usually fused to a nuclear localization (NLS) signal and one or multiple sgRNAs (Sakuma et al., 2014), facilitating the intranuclear expression and securing access to the target site. Despite the remarkable results that have been generated through the use of these all-in-one plasmids, it has been shown that this use can generate constituent expression of Cas9 due to the natural predisposition of the NHEJ repair mechanism and activation of the innate immune system because of the cut double chain (Mandal et al., 2014; Sather et al., 2015). In the same way, several studies have been reported with a therapy-oriented approach where they use some viruses with peculiar characteristics, such as the adeno-associated virus (AAV), which has a packaging capacity of about 4.5 kb and is a non-integrative virus (Senís et al., 2014). However, the number of amino acids that constitute SpCas9 is added to the sgRNA sequence, increasing the total package size. Therefore, it has been determined to divide the system between several plasmids by dividing the enzyme and sgRNAs into their own plasmids (Fine et al., 2015; Wright et al., 2015; Zetsche et al., 2015). This has been found to decrease activity due to the formation of indels after the rupture of the DNA double chain. Due to the disadvantages described, an exhaustive search of ortholog enzymes is being performed for homologies similar to SpCas9 in other microorganisms (Friedland et al., 2015). Ran et al. (2013) reported an isolated Cas9 from S. aureus with a size of 3.2 kb and with similar editing efficiency in mammalian cells to native SpCas9, which have 1 kb less information when encoded in the form of DNA. Furthermore, it can be packaged like Cas9 simply within the capsid of the AAV, versifying its application in clinical studies, mainly for the correction of hereditary diseases such as Duchenne muscular dystrophy (DMD), by deletion of the deficient exon to produce the dystrophin protein, a direct cause of this pathology (Nelson et al., 2016).

Another alternative used to reduce the size of Cas9 is the generation of messenger RNA (mRNA) transcript of genes, which has been adapted in embryo editing by microinjection (Wang et al., 2013; Hai et al., 2014; Niu et al., 2014), recently scaling from somatic adult cells (Liang et al., 2015) toward primary cell culture (Osborn et al., 2016) by electroporation. Another advantage of this modality of delivery is the non-integration of the enzyme in the genome. However, there is a lack of conclusive evaluation of factors, such as stability and immunogenic response, to determine whether this method is advantageous over others. Several studies are focusing on the use of lentivirus (LV) because the capsid has the capacity to store around 8 kb, which is more than the capacity of AAV, permitting the expression of Cas9 and sgRNAs at the same time (Kabadi et al., 2014; Sanjana et al., 2014). Their usefulness in the transformation of cells that are not in active division, such as neurons in adults, has also been reported (Blömer et al., 1997; Vezzani, 2007). In addition, it has been shown that gene expression using LVengineering can be sustained for years, without prompting an immune system response from host participants in some clinical trials (Palfi et al., 2014). Due to these favorable properties and the current ineffective treatment, the use of gene therapy using LV has been started in the first clinical trials for the treatment of patients with neurodegenerative disorders of the central nervous system (CNS), opening a promising new stage in the application of molecular therapies that are really effective in improving quality of life, with similar or better results than convectional drugs (Palfi et al., 2014).



GENE THERAPY TO IMPROVE NEURODEGENERATIVE PROCESS

As previously mentioned, the reason for the search for alternative therapies for treating patients with AD and PD lies in the inefficiency of the current treatment. Yiannopoulou and Papageorgiou (2013) exemplified several drugs recently used for treating AD in clinical trials around the world and directed at three main approaches: (a) anti-platelet agents targeting β-amyloid; (b) selective agents reducing Aβ42; and (c) immunotherapy. However, it has been determined that these disease-modifying drugs exhibit disappointing or doubtful results in phase IIa and III clinical studies (Yiannopoulou and Papageorgiou, 2013). On the other hand, the gold standard treatment for PD patients is the dopamine agonist levodopa (L-DOPA), which can alleviate the consistent symptoms of neurodegeneration for a few years. However, it is well documented that use for prolonged periods has direct consequences on the development of involuntary movements, such as dyskinesias, and behavioral changes (Weintraub et al., 2010). Henceforth, gene therapy is a remarkable option that offers some advantages for the treatment of progressive disorders and its adequate engineering using the CRISPR/Cas9 system displays unique opportunities to eradicate the aberrant genetic components among patients with AD and PD. In addition, the large amount of existing literature is consistent with the need for improving current delivery and release systems that can offer discriminatory properties providing specificity for both the organ and some cell lineages and, in particular, for the integral preservation of the elements that will carry out the specific editing task, regardless of whether they are biological.



NOVEL VEHICLES AND DELIVERY METHODS

The main dilemma that arises in designing a therapy directed to the brain is being able to pass through the blood–brain barrier (BBB), which has the function of isolating and protecting neural tissue, controlling the entry of molecules and therefore hindering delivery. About 7,000 drugs have been assessed in the Comprehensive Medical Chemistry database, with only 5% able to cross the BBB to enter the CNS (Pardridge, 2005). Agustín-Pavón and Isalan (2014) illustrated various strategies for the efficient delivery of components to neural tissue (Agustín-Pavón and Isalan, 2014). They divide the methods into two categories: (a) less invasive [intranasal access through nanoparticle (NP)-assisted drug delivery across the BBB is another system with mitigatory properties and the supporting NPs indicate solid colloidal particles with a size range of 1–1,000 nm (Zhou et al., 2018; polymers, lipids, magnetic), emphasizing that successful BBB passage with subsequent cellular labeling could be achieved if NPs were fabricated with non-ionic surfactants or cationic stabilizers but not when anionic compounds were added; in addition, NP’s size (67–464 nm) and charge had no influence on BBB passage (Voigt et al., 2014); among others, they described exosomes, cell-penetrating peptides (CPPs), often vividly termed as “Trojan horse” peptides, or protein transduction domains (PTDs) as a class of diverse peptides, typically with 5–30 amino acids (4–24 nm), that can translate through the cellular plasma membrane (Shi et al., 2014)]; and (b) more invasive (direct injection into the parenchyma of the brain or ventricles during stereotactic surgery, entry of hyperosmotic solutions, microbubbles with ultrasound activation, and laser irradiation (Agustín-Pavón and Isalan, 2014). All these methods can serve as vehicles for the preservation of the integrity of CRISPR systems, improving the possibilities of editing in the target site with the enormous advantage of crossing the BBB. One novel and exciting alternative for accessing the CNS is the reversible and temporal manipulation of entry molecules that access the BBB. A study from Yanagida et al. (2017) showed that pharmacological inhibition (FTY720) and sphingosine 1-phosphate receptor-1 (S1P1) gene facilitates the selective entry of small molecules, opening the BBB, with no major signs of inflammation or CNS damage. This effect was attributed to changes in the cytoskeleton of tight junction proteins. Another pertinent finding was that the pharmacological treatment was reversible and transient, suggesting a viable alternative to intentionally opening the BBB and allowing the entry of molecules of <3–10 kDa (Yanagida et al., 2017). These results suggest another noninvasive alternative to diversifying the available therapeutic options for CNS diseases. On the other hand, subsequent studies could examine the synchronization of FTY720 activity for the introduction of molecules greater than 10 kDa, such as mRNA-Cas9 or ssODNs, for the improvement of their in situ action (Figure 2).
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FIGURE 2. Different strategies to access the central nervous system (CNS). (A) Intracranial injection allows the entry of viruses such as the adeno-associated virus (AAV) that can package the sequence of Cas9 and the sgRNA in its capsid to incorporate it in a non-integrative manner. While lentiviruses have eight times the storage capacity of AAVs, so it would be used for the co-expression of Cas9 with distinctive sgRNAs all in one. (B) One of noninvasive approaches used to go through BBB is the intranasal administration of “Trojan horse” peptides (5–30 amino acids), which can be coupled to nucleic acids, for example, ssODNs or the enzyme Cas9, facilitating access through the olfactory bulb. (C) Oral drugs like FTY720 (Fingolimod) allows inducible opening of the blood–brain barrier (BBB) through sphingosine 1-phosphate receptor-1 (S1P1) receptor in endothelial cells. This may be a promising option to control the temporary access of molecules of 10 kDa or less and larger in the future. (D) Mesenchymal stem cells (MSCs), for its homing properties, can travel to the site and perform the repair from the intravenous line to the CNS, acting as vehicles, and it has been shown that they do not arouse meaningful immune responses. Otherwise, the release of small vesicles called exosomes (30–150 nm) allows the transference of mRNA and other regulatory molecules among MCSs, and it has been shown to release them in cells of neural lineage. This can be an advantage for the delivery of Cas9 mRNA and sgRNAs through the BBB.



Another promising option lies in cell-based therapeutics, adapting mesenchymal stem cells (MSCs) due to their inherent beneficial properties, such as the release of pro-regenerative trophic factors and the generation of bilipid vesicles. These can mediate the transport of small molecules, reported in cell–cell communication and signaling, arousing a great interest as a therapeutic option (Phinney and Pittenger, 2017). Their potential lies in the size of exosomes (30–150 nm) and its form of propagation by means of horizontal transfer of mRNA, micro-RNAs (miRNAs), transfer RNAs (tRNAs), lipids, and proteins, modifying the cellular activities (Sarko and McKinney, 2017). In contrast to release forms, such as liposomes or nanopolymeric particles, exosomes can potentially avoid the endosomic pathway and lysosomal degradation, allowing the release of molecules directly into the cytoplasm (Lou et al., 2017). Likewise, they do not support immunogenic problems observed in other systems of delivery for drugs such as dendrimer (Lee et al., 2005), NPs (Petros and DeSimone, 2010), and liposomes (Torchilin, 2014). Remarkably, it has been observed that these particles can be captured by nearby cells or migrate to distant tissues following circulation in the peripheral blood and through the BBB. Sarko and McKinney (2017) raised the natural reconfiguration of the secretome, allowing the use of exosomes for the controlled release of new drugs and other molecules that act in situ. Added to this, it has been demonstrated the release of exosomes in various neural lineages, such as astrocytes, microglia, neurons, oligodendrocytes, and neural stem cells (Sims et al., 2014; Brites and Fernandes, 2015; Budnik et al., 2016; Janas et al., 2016; Verkhratsky et al., 2016), fortifying the idea of reengineering these vesicles for therapeutic purposes in neurodegenerative diseases such as PD and AD. The incorporation of the CRISPR/Cas9 system within these biological vehicles could offer exosomic nanovesicles filled with mRNACas9, ssODNs, or saCas9 with the ability to circulate and access different regions of the brain to edit cells in a niche-specific way, having the advantage of recognizing cellular reception ligands.

Among the other biological vehicles described in the literature, work from Wang et al. (2016) demonstrated the production of self-assembly synthetic lipids, obtained from NPs belonging to bio-reduceable lipids with negatively overloaded proteins, forming Cas9 complexes: anionic sgRNAs for the efficient editing of the genome in mammalian cells and in rodent brains. The correct delivery by stereotactic injection or other noninvasive method could lead to gene correction of mature neurons in situ, restoring specific neural circuits through a low-toxicity delivery method (Wang et al., 2016).

Another novel strategy among nonviral approaches for examining the mammalian brain in vivo entails coupling the Cas9 enzyme with gold NPs. Lee et al. (2005) demonstrated that gene editing by intracranial injection of CRISPR-Gold NP ribonucleoprotein could be achieved. They performed gene editing in Thy1-YFP and Ai9 mice, in addition to targeting the metabotropic glutamate receptor 5 (mGluR5) gene to reduce exaggerated signaling in the striatum of a mouse model of fragile X syndrome (FXS) in a Fmr1 KO mouse. The team observed gene editing in neurons and non-neuronal cells, including microglia. Remarkably, they inhibited 40%–50% of the expression of the autism-causing gene, Grm5, in the striatum after intracranial injection, leading to rescue from autism-associated behavioral phenotypes (Trenkmann, 2018).

In a recent study, Narbute et al. (2019) notably demonstrated for the first time the therapeutic effect of intranasal administration of extracellular vesicles (EVs) derived from human exfoliated deciduous teeth stem cells (SHEDs) in a unilateral 6-OHDA rat model of PD. They succeeded in reversing gait impairments and normalizing TH expression in the substantia nigra and striatum (Narbute et al., 2019). The proteomic assay demonstrates the presence of Cu/Zn superoxide dismutase 1 (SOD1) and antioxidant proteins thioredoxin (TXN) and peroxiredoxin-6 (PRDX6) within the EVs, which the authors suggest may reduce sensitivity of dopaminergic neurons to 6-OHDA-induced oxidative stress based on prior studies (Mazzio et al., 2004; Botella et al., 2008). Nonetheless, little is known about the molecular antioxidant mechanism and further studies are required to unveil the neuroprotective action of EVs, which may be an interesting nonviral approach for treating PD with fewer invasive repercussions.

Despite the novelty and growing interest in noninvasive gene-editing techniques that pass the BBB, more studies of their toxicity and efficiency are needed. In addition, the most recent reports tend to fine-tune control of key pathogenic gene expression; at the moment, this could be achieved through rational engineering-derived viruses such as AAVs, LVs, and retroviruses (RVVs).



THE GROWING PROMISE OF ADENOVIRUSES

In recent years, the manufacturing of new AAV serotypes is having an enormous effect on the field of gene therapy, especially in the neurosciences, and as a potential treatment of neurodegenerative diseases (Deverman et al., 2018). Currently, one of the most pursued objectives is the development of more efficient systems for in vivo gene editing. Among the most outstanding recent achievements, Suzuki et al. (2016) developed a CRISPR system homology-independent targeted integration (HITI) strategy that enabled knock-in of both dividing and nondividing cells, remarkably in the neurons of postnatal mammals, and demonstrated better efficiency than that of the HDR mechanism. The in vivo system consisted of HITI constructs and two AAV vectors and packaged both AAVs with serotype 8 or 9 (AAV-Cas9 and AAV-mTubb3). Afterward, they performed inducible Tubb3–GFP HITI targeting constructs, where Cre-dependent Cas9 expression was under the control of tamoxifen (TAM), by in utero electroporation of E15.5 fetal brain. The results revealed efficient GFP knock-in with the HITI donor and minimal knock-in with the HDR donor (Tubb3-HDR).

Furthermore, to validate their therapeutic potential, they demonstrated improvement in visual function in a rat model of retinitis pigmentosa. The Mertk gene was corrected using an AAV vector for inserting a copy of Mertk exon 2 into intron 1 (AAV-rMertk-HITI; Suzuki et al., 2016). This system promises to be a strong candidate for exploiting the in vivo gene-editing approach of the CNS and simultaneously overcoming the drawbacks caused by the use of the HDR repair mechanism.

The other main goal is to perform modifications among serotypes to enable a wider distribution in the large mammalian brain, enabling clinical therapeutic implementation. In another recent work, Naidoo et al. (2018) developed a novel AAV variant (AAV2-HBKO), capable of widespread CNS transduction in neurons localized in the deep cortical layers, deep cerebellar nuclei, several subcortical regions, and motor neuron transduction via thalamic injection and intracerebroventricular delivery. The combination resulted in the transduction of oligodendrocytes in superficial cortical layers and neurons in deeper cortical layers. They also demonstrated that the delivery route has an impact on the cellular tropism and pattern of CNS transduction (Naidoo et al., 2018). Interestingly, vectors such as AAV1, AAV5, and AAV9 do not have affinity for heparan sulfate proteoglycans (HSPGs); therefore, they can distribute after a single injection into the brain (Pillay et al., 2016). The AAV2-HBKO serotype has been demonstrated to cope with tropism for HSPGs and showcases in particular different translation patterns in oligodendrocytes and motor neurons, depending on the delivery method of the vector (ICV or thalamic). This poses tremendous implications for providing gene therapy to humans within the next years. Furthermore, it is suitable for neurological disorders that involve many parts of the brain, such as AD, and especially those that involve the hippocampus.

Although it is widely documented that most cases of AD are sporadic, the presence of certain point mutations or deletions in the genes for amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) triggers the production of beta-amyloid peptide. Therefore, the study of the familial component in AD can highlight tremendous opportunities to intervene through gene therapy. György et al. (2018) harvested fibroblasts from carriers of APPswe (KM670/671NL APP mutation) indigenous to Sweden (APPswe for the mutation and APPSW for the mutant allele) who had increased Aβ levels (Mullan et al., 1992). They mediated a CRISPR/Cas9 knockout of APPSW or APPWT in the human APPSW/WT fibroblasts. Cells treated with Cas9 and sgRNAs showed a robust reduction in unperturbed APPSW reads, whereas the relative proportion of APPWT reads without indels did not decrease. Thus, CRISPR-induced indels were only detected in APPSW alleles and not in APPWT alleles when using gRNAs against the mutation (György et al., 2018). Subsequently, they applied the system for in vivo disruption of the APPSW allele in Tg2576 mice (mice carrying multiple copies of the APPswe mutation). AAV-mediated delivery of SW1 gRNA was applied unilaterally into the hippocampus of adult mutant mice. After 6 weeks, the results confirmed the disruption of the mutation (indels) in primary cortical neurons and in the hippocampus in the APP allele (György et al., 2018). This is the first report of AAV-CRISPR therapy in an animal model of AD. Despite the significant reduction in Aβ40 and Aβ42 in the conditioned media from patient cells treated with gRNA against the APPSW allele, in the mouse model, they observed limited gene disruption efficiency as a consequence of the high number of target alleles that was not related to insufficient AAV delivery of CRISPR. Therefore, the assessment of Aβ plaque pathology was not carried out.

The study by György et al. (2018) could lead to new in vivo therapeutic approaches based on AAV-CRISPR correction constructs. Regardless, new variants of AAVs with greater penetration and efficiency are still needed.

Other approaches to tackling AD involve targeting the pathological process of chronic neuroinflammation. A study by Raikwar et al. (2019) proposed the glia maturation factor (GMF) as an attractive therapeutic target because of its significant upregulation in various regions of AD brains. They transduced a BV2 microglial cell line with an AAV co-expressing S. aureus (Sa)-Cas9 (smaller version of Cas9 than spCas9) and a GMF-specific guide RNA (GMF-sgRNA). They found a few cells expressing SaCas9 while lacking GMF expression, confirming successful GMF gene editing. Nevertheless, they achieved low transduction efficiencies. Therefore, the authors suggest the possibility of exploring transduction efficiencies in embryonic stem cells (ESCs), induced-pluripotent stem cells (iPSCs), primary neurons, astrocytes, and microglia, and also the suitability of tropism-modified AAVs (Raikwar et al., 2019). These results suggest early personalized gene therapy based on Sa-CRISPR-AAVs that includes a novel target and might help to reduce neuroinflammation/neurodegeneration not only in AD but also in PD (Khan et al., 2014).



PRECISELY FINE-TUNING EXPRESSION THROUGH dCas9 AND CRISPRa/CRISPRi TECHNOLOGY

New functions and varieties have been produced since the beginning of the exploitation of native spCas9. Among them, the nickase-dead mutant form of the Cas9 protein (dCas9), fused to a Krueppel-associated box (KRAB) domain, could achieve precise and programmed transcription activation and repression, epigenetic remodulations of local histones, DNA modifications, labeling of the genomic locus, and single-base genome mutagenesis (Dominguez et al., 2016; Nishida et al., 2016). This, therefore, represents an attractive method of performing inducible repression of target loci in neuronal cells that overexpress pathological genes when utilizing dCas9-CRISPR interference (CRISPRi) technology and may decrease toxic levels of proteins via fine-tunable knock-down. Recently, Zheng et al. (2018) developed two conditional CRISPRi tools to silence Syt1 expression in either glutamatergic or GABAergic neurons with dCas9-KRAB expression under the control of pCaMKIIα and pVGAT promoters, respectively. They stereotactically infused LV encoding the Syt1-targeted conditional CRISPRi system into the mouse dentate gyrus (DG). They observed highly specific enrichment of the genes encoding vesicular glutamate transporter 1 (Vglut1) in pCaMKIIα::dCas9-KRAB+ neurons and glutamic acid decarboxylase 1 (Gad1) in pVGAT::dCas9-KRAB+ neurons. Remarkably, they found subtype-specific expression of the CRISPRi in the DG. Furthermore, Syt1 expression was selectively abrogated by conditional CRISPRi within the Syt1-targeting glutamatergic or GABAergic neurons but not in both, emphasizing the versatility of efficient disruption in a specific subtype of neurons in living mammals (Zheng et al., 2018).

As mentioned previously, a potential strategy could be the implementation of dCas9-CRISPRi intervention to repress the levels of abnormal multiple copies of well-known pathological genes, such as SNCA in PD, in a reversible way. Heman-Ackah et al. (2016) demonstrated the utilization of CRISPRi as a robust tool for significantly repressing the expression via the transcription start site (TSS) of multiple genes involved in proteinopathy-induced neurodegeneration. They transfected HEK293T simultaneously with dCas9 sgRNAs targeting the alpha-synuclein, microtubule-associated protein tau, APP, and huntingtin (SNCA, MAPT, APP, and HTT, respectively). Notably, they performed precise transcriptional modulation through CRISPRa of neurodegenerative disease-related genes in human iPSC-derived neurons. TSS2-2 sgRNA and dCas9-VPR transcriptional activator mediated the activation of alpha-synuclein in normal alpha-synuclein levels (NAS) iPSC-derived neurons from healthy control patient and iPSCs derived from a patient with PD caused by alpha-synuclein triplication (AST). They achieved an eightfold activation of endogenous SNCA expression in the NAS iPSC-derived neurons and through dCas9-KRAB repression, a 40% reduction in alpha-synuclein mRNA levels in the AST iPSC-derived neurons (Heman-Ackah et al., 2016). In addition, the group found that targeting the genes close to the TSS region reduced the off-target effects considerably (Heman-Ackah et al., 2016), reducing the negative side effects of using SpCas9. Overall, these findings suggest the possibility of exploiting the tunable CRISPRa/CRISPRi platform for multiplex transcriptional repression of molecular pathological signatures in vivo in the mammalian brain and provide enormous possibilities for addressing neurodegeneration in the familial and sporadic disease states.



SUITABILITY FOR GENE-EDITING TECHNOLOGY IN PARKINSON’S DISEASE AND ALZHEIMER’S DISEASE?

It is well known that the sporadic component is dominant in the causality of the most common neurodegenerative diseases; however, in recent years, the relevance of several genes and their participation in triggering of the pathological process have been demonstrated. Zafar et al. (2018) followed the descendant population carriers of the “Iowa-Kindred” mutation in PD and showed that triplication in the SNCA gene on one allele directly increased alpha-synuclein levels two-fold and lead to a rapid progression of synucleopathy, causing severe clinical and neuropathological features (Zafar et al., 2018). Therefore, the pursuit of restoring normal transcript levels of SNCA could have a deep clinical impact. Regarding this approach, as stated above, Heman-Ackah et al. (2016) implemented an iCRISPR-based platform to tackle this in hiPSCs and also the group of Kantor et al. (2018) recently developed an epigenetic-based approach. Using an “all-in-one” lentiviral vector encoding sgRNA-dCas9-DMNT3A directed to intron 1 hypermethylation, strikingly they restored normal levels of SNCA mRNA and efficiently transduced hiPSC-derived dopaminergic neurons, resulting in an effective and targeted modification of the methylation state of CpGs within SNCA intron 1 (Kantor et al., 2018). Taking into consideration that α-synuclein immunohistochemistry is currently the gold standard in the neuropathological evaluation of PD (Stefanis, 2012), the development of personalized treatments to reduce the levels of both SNCA and α-synuclein is imperative and now achievable. These examples are promising and demonstrate the suitability to perform CRISPR gene-editing approaches in PD, but much more has to be done toward clinical applications.

On the other hand, unfortunately in AD, multiple phase III clinical trials have failed to recover memory and cognitive function in AD patients using trial drugs, such as anti-Aβ antibody; therefore, gene therapy is an interesting option that is being supported by a few recent works. It is well known that a very small percentage of cases (<1%) are caused by known mutations in the APP protein or gene products involved in processing APP to form beta-amyloid. Despite the small percentage of cases caused by these mutations, they all trigger the production of beta-amyloid peptide (Bettens et al., 2013; Rohn et al., 2018). Notably, it has been demonstrated that they can further influence the appearance of early-onset AD before the age of 60. Among the targets described are PSEN1 and PSEN2 genes. To probe the feasibility of the CRISPR approach in AD, Ortiz-Virumbrales et al. (2017) generated human basal forebrain cholinergic neurons (BFCNs) in vitro from hiPSCs harboring the PSEN2N141I mutation, based on evidence indicating this population as one of the first cell types to be affected in all forms of AD, and that their dysfunction is clinically correlated with impaired short-term memory formation and retrieval. Interestingly, the CRISPR/Cas9 correction of the PSEN2 point mutation abolished the electrophysiological deficit, restoring both the maximal number of spikes and spike height to levels recorded in healthy controls (Ortiz-Virumbrales et al., 2017). The authors suggest that accumulation of Aβ could synergize with the altered electrophysiological mechanisms in a pathway leading to AD, but the exact mechanism and pathways remain unknown. In another exciting study, Park et al. (2019) targeted beta-secretase 1 “Bace1” gene (which is required for the production of Aβ peptides) through CRISPR/Cas9-loaded nanocomplexes in post-mitotic neurons in vivo and demonstrated their therapeutic application in five familial AD (5XFAD) and APP knock-in AD mouse models. In the present study, despite not being a viral vector-based delivery, it was nonetheless shown to have a high editing efficiency, thus highlighting the emerging technology of nonviral NPs as an interesting therapeutic option for AD. Despite that CRISPR-based gene-editing and gene-therapy approaches have been seen as powerful tools to restore monogenic diseases, new approaches have provided a compelling basis to suggest the possibility of application to the sporadic component as well. Sun et al. (2018) published in a pre-print that editing of endogenous APP at the extreme C-terminus and reciprocal manipulation of the amyloid pathway through an AAV9-APP gRNA-GFP leads to attenuation of β-cleavage and Aβ while up-regulating neuroprotective α-cleavage. These findings suggest a robust gene-editing approach in human cell lines and in vivo in mice2.

Overall, although there are only a handful of recent works, they represent significant advances toward the development of more specific therapies for halting neurodegeneration in AD and PD. The most outstanding is the capacity to apply CRISPR-AAV/NP systems in the sporadic group of these diseases. With refinement of some of the current hurdles for clinical application, there is the potential for a tremendous advance for the treatment of neurodegenerative diseases, starting with the most prevalent worldwide.



DRAWBACKS TO OVERCOME

It has been demonstrated in the most recent works that a huge benefit of the implementation of treatments based on gene therapy is to cope with the drawbacks of conventional therapeutics and avoid or decrease the side effects that they cause. The age of gene therapy experienced exponential growth as a result of the adaptation of the CRISPR systems for genome-editing in mammals. However, there are still relevant drawbacks that need to be overcome before their clinical implementation in the treatment of neurodegenerative diseases. First, we have to emphasize the issue of the immune response. After the initial “CRISPR fever,” there have been significant questions over the last 2 years regarding the activation of the immune response as a result of the presence of exogenous proteins such as Cas9 and their orthologs. The study from Charlesworth et al. (2019) showed the presence of humoral response and specific antigen T-cells against SaCas9 (Cas-derivative of S. aureus) in healthy human volunteers, presenting interesting data for the discussion of the implementation of gene therapies clinically. Nonetheless, both studies call on the international community of researchers to exercise a more rigorous assessment of the possible immunologic responses to the microbial origin of the system (Charlesworth et al., 2019).

As a way of counteracting some of the pitfalls, CRISPR/Cas9-based CNS-targeted therapies are currently being refined to increase specificity for target organs. An example is a work published by Murlidharan et al. (2016). They developed a chimeric AAV2, AAV2G9, improving the activity of AAV2 and AAV9, for the transduction of neurons within the brain, reducing glial infection (Murlidharan et al., 2016). It was also shown that a single administration of cerebrospinal fluid did not lead to the presence of the synthetic virus in off-target organs. In addition, a single intracranial injection with a vector that encodes for the gene MIR137 (a risk gene for schizophrenia) resulted in the specific deletion of the same gene in the brain of knock-in mice, without detection of the vector in the liver (Murlidharan et al., 2016). An interesting finding of this study was the preferential neuronal tropism of AAV2g9, attributed to the presence of a greater concentration of HSPGs on the surface of the neurons greater than that of glial cells (Hsueh and Sheng, 1999). In this way, the restriction of editing to the neural lineage within the CNS is being carried out in almost exclusively, overcoming the disadvantages regarding selectivity of target organs presented by other serotypes of AAV, also demonstrated in the study mentioned for the AAV9 serotype.

Another important consideration for AAV serotypes in CNS gene therapies was addressed in a study by Long et al., where it was reported that intra-muscular, intra-peritoneal, and retro-orbital delivery form of AAV9 could not pass through the BBB in order to restore the dystrophin protein (expressed in cardiac muscle and skeletal) in the CA1/CA2 regions of the hippocampus (Long et al., 2016). Therefore, it is not possible to cross the BBB for any AAV serotype if stereotactic surgery is not performed in any specific region of the brain. In another study, Swiech et al. (2015) reported the interrogation of the genome in vivo by AAV containing SpCas9-sgRNAs applied via stereotactic injection, having MECP2, DNMT1, Dnmt3a, and Dnmt3b as target genes in the adult mice brain, efficiently achieving multiple-gene editing of post-mitotic neurons in the visual cortex.

These studies agree that with the repeated administration of doses of AAV, concomitant disturbance caused by stereotactic surgery for effective infection and the proper distribution of the virus in the different regions of the brain are necessary. Despite the low risk present during surgery, an insult is consistently generated with the perfusion of the BBB, which could increase the release of inflammatory factors, such as IFN-γ and TLR4, coupled with the inherent reaction of the glia reactive inherent, observed in disorders such as PD and AD (Booth et al., 2017; Wood, 2017). However, this same condition of the BBB is compromised by inflammation and has been shown to allow the transfer of both small and large molecules, participating as a passive mechanism for the transport of drugs to the CNS (Shlosberg et al., 2010). In addition, due to the progressive nature of PD and AD, changes in the function of age-dependent microglia have been shown. Spittau described these changes at the molecular level, including the TLR-dependent triggering of alpha-synuclein (αSyn), activation of microglia through neuromelanin, and αSyn deficient phagocytosis in PD, whereas in AD, the decrease in phagocytosis of the β-amyloid plaques (Aβ) and depletion of the microglia do not decrease the formation of plaques and neurodegeneration continues (Spittau, 2017). As described above, gene manipulation of the microglia could have interesting results in mediating inflammation or reducing hyperreactivity in the same way that it could be used in different CRISPR systems, such as dCas9 for the regulation of the release of trophic factors. On the other hand, it has been shown that the R47H mutation of the TREM2 gene can cause a three- to four-fold increase in the risk of developing AD in a 5XFAD murine model (Wang et al., 2015). Wang et al. (2015) showed that TREM2 deficiency and haploinsufficiency increase the accumulation of β-amyloid (Aβ) due to a dysfunctional microglial response, which fails in clustering around the Aβ plaques and becomes apoptotic. However, more studies are needed to elucidate concisely the role of TREM2 in the development of AD and to evaluate the therapeutic potential of editing its gene variants. Therefore, the dissection of signaling pathways affected by variants will be essential for the design of gene-editing strategies to restore functionality in situ.

One of the great advantages that have been explored by some research groups is the performance of multiplex gene editing and the usefulness that CRISPR systems exhibit relative to other nucleases. Cong et al. (2013) first demonstrated the efficient editing of mammalian and human cells simultaneously; therefore, the versatility to program the enzyme and its guides was proposed, with the purpose of recognizing more regions of the genome, taking away the restriction of only being able to access every 8 bp for the SpCas9, a CRISPR system type II. Tothova et al. (2017) achieved multiple edits of CD34+ human hematopoietic stem cells from the umbilical cord and adult primary progenitor cells, which give rise to pre-malignant myeloid and malignant diseases, recognizing the difficulty of modeling these conditions in human cells. Other strategies highlight multiple edits at the epigenetic remodeling level. Savell and Day (2017) exemplify modular approaches for specific targeting and modification of the local chromatin environment at a single gene within the CNS across CRISPR/Cas9 systems. Moreover, they described the purpose of intervening in the regulation of crucial mechanisms that are affected in neuropsychiatric and neurologic disorders (Savell and Day, 2017). Morita et al. (2016) adapted dCas9-SunTag to demethylate a specific locus of DNA, demonstrating the demethylation of CpGs in regulatory regions of ESCs, cancer cells, and primary neural precursor cells and in mouse fetuses in vivo. This was the first report of epigenomic manipulation performed in vivo based on CRISPR technology and should promote gene modification in living organisms, including modifications in the CNS.



CONCLUSIONS AND PERSPECTIVES

The recent findings indicate that temporal and region-specific editing of gene expression via nonviral and viral approaches throughout the large mammalian brain in vivo is achievable. Nevertheless, error-prone mechanisms remain dominant after CRISPR/Cas9 execution; in the adult brain, it is virtually impossible for post-mitotic neurons to utilize the HDR mechanism efficiently for ssODN replacement integration. Therefore, the refinement of new alternatives, such as HITI (Suzuki et al., 2016), will be necessary to ensure therapeutic potential in nondividing cells. On the other hand, a new wave of nonviral delivery systems is approaching. Coupling with stable RNP complexes will allow remarkably novel ways to treat neurological disorders without the need for such invasive procedures. However, more in-depth studies are needed to elucidate its true toxicity and efficiency over prolonged periods (Table 1).


TABLE 1. Novel nonviral and viral systems for in vivo gene therapy in the mammalian brain.
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FOOTNOTES

1^https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design

2^https://www.biorxiv.org/content/biorxiv/early/2018/04/28/310193
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Lgr5+ cochlear supporting cells (SCs) have been reported to be hair cell (HC) progenitor cells that have the ability to regenerate HCs in the neonatal mouse cochlea, and these cells are regulated by Wnt signaling. Frizzled-9 (Fzd9), one of the Wnt receptors, has been reported to be used to mark neuronal stem cells in the brain together with other markers and mesenchymal stem cells from human placenta and bone marrow. Here we used Fzd9-CreER mice to lineage label and trace Fzd9+ cells in the postnatal cochlea in order to investigate the progenitor characteristic of Fzd9+ cells. Lineage labeling showed that inner phalangeal cells (IPhCs), inner border cells (IBCs), and third-row Deiters’ cells (DCs) were Fzd9+ cells, but not inner pillar cells (IPCs) or greater epithelial ridge (GER) cells at postnatal day (P)3, which suggests that Fzd9+ cells are a much smaller cell population than Lgr5+ progenitors. The expression of Fzd9 progressively decreased and was too low to allow lineage tracing after P14. Lineage tracing for 6 days in vivo showed that Fzd9+ cells could also generate similar numbers of new HCs compared to Lgr5+ progenitors. A sphere-forming assay showed that Fzd9+ cells could form spheres after sorting by flow cytometry, and when we compared the isolated Fzd9+ cells and Lgr5+ progenitors there were no significant differences in sphere number or sphere diameter. In a differentiation assay, the same number of Fzd9+ cells could produce similar amounts of Myo7a+ cells compared to Lgr5+ progenitors after 10 days of differentiation. All these data suggest that the Fzd9+ cells have a similar capacity for proliferation, differentiation, and HC generation as Lgr5+ progenitors and that Fzd9 can be used as a more restricted marker of HC progenitors.

Keywords: Frizzled-9 (Fzd9), cochlea, hair cell progenitor, hair cell generation, self-renew


INTRODUCTION

Sensorineural hearing loss is mainly caused by hair cell (HC) loss and is one of the most common health problems around the world. HC loss is irreversible in adult mammals, whereas HCs can be regenerated from supporting cells (SCs) in the inner ear of birds and fish (Rubel et al., 2013). Recent studies have shown that HCs can also be regenerated in newborn mice (Chai et al., 2012; Shi et al., 2012; Bramhall et al., 2014; Wang et al., 2015; Li et al., 2016; You et al., 2018; Zhang et al., 2018). However, this regenerative ability is quickly lost as the mice age (Bermingham-McDonogh and Reh, 2011; Chai et al., 2012; Shi et al., 2012; Bramhall et al., 2014; Cox et al., 2014).

Several signaling pathways have been reported to play important roles in HC regeneration. The up-regulation of canonical Wnt signaling induces the proliferation of sensory precursors in the postnatal mouse cochlea (Chai et al., 2012; Shi et al., 2012; Ni et al., 2016; Waqas et al., 2016b; Wu et al., 2016; Lu et al., 2017), while Notch inhibition induces mitotically generated HCs in the mammalian cochlea via activation of the Wnt pathway (Li et al., 2015; Ni et al., 2016; Waqas et al., 2016b; Wu et al., 2016). Previously, Lgr5, a Wnt target gene, has been reported to mark the progenitors of the inner ear, and Lgr5+ progenitors have the ability to regenerate HCs in the neonatal mouse cochlea (Chai et al., 2011, 2012; Shi et al., 2012; Waqas et al., 2016a; Zhang et al., 2017). Lgr5 is expressed in third-row Deiters’ cells (DCs), inner pillar cells (IPCs), inner phalangeal cells (IPhCs), and part of the lateral greater epithelial ridge (GER) cells, which is a large cell population and contains many different cell types (Chai et al., 2011, 2012; Shi et al., 2012).

Wnt signaling plays important roles in regulating HC progenitors and HC regeneration (Chai et al., 2012; Li et al., 2015; Liu et al., 2016; Ni et al., 2016; Waqas et al., 2016b; Lu et al., 2017). There are 10 Frizzled (Fzd) receptors (Fzd1-10), which are unconventional G-protein coupled receptors. Fzds contain a conserved cysteine-rich domain to which Wnt ligands bind with high affinity (MacDonald and He, 2012; Dijksterhuis et al., 2014).

Frizzled-9 (Fzd9) plays crucial roles in brain development, neuromuscular junction assembly, new bone formation, and tumor suppression (Winn et al., 2005; Zhao et al., 2005; Albers et al., 2011; Avasarala et al., 2013b; Heilmann et al., 2013; Aviles et al., 2014; Ramírez et al., 2016). In the brain, Fzd9 is selectively expressed in both the developing and adult hippocampus and is used to mark neural stem cells together with other markers (Van Raay et al., 2001; Zhao and Pleasure, 2004, 2005; Pollard et al., 2008; Trubiani et al., 2010; Zhou et al., 2010; Pedersen et al., 2012; Tian et al., 2012). In human bone marrow and chorionic placenta-derived mesenchymal stem cells, Fzd9 is also expressed on the cell surface and is used as a marker to isolate these cells (Battula et al., 2007, 2008; Buhring et al., 2007; Trubiani et al., 2010; Tran et al., 2011). Thus, we speculated that Fzd9 might also be expressed in the HC progenitors of the cochlea and thus might also be used as a HC progenitor marker in the inner ear.

Here, we used Fzd9-CreER/Rosa26-tdTomato mice to lineage trace the Fzd9+ cells in the postnatal cochlea and to investigate their HC generation ability compared to the Lgr5+ progenitors. Lineage tracing data showed that Fzd9 was expressed in IPhCs, inner border cells (IBCs), and the third-row DCs, but not in IPCs or GER cells at postnatal day (P) 3. Lineage tracing data showed that, similar to Lgr5+ progenitors, Fzd9+ cells also had HC generation ability after 6 days of lineage tracing in vivo. When isolated by flow cytometry and then cultured in vitro, Fzd9+ cells and Lgr5+ progenitors could form similar numbers of spheres in an in vitro sphere-forming assay. In a differentiation assay, the same number of Fzd9+ cells could generate a similar amount of HCs compared to Lgr5+ progenitors after 10 days of differentiation. Our work provides a new marker for HC progenitors and expands our knowledge of progenitor cell types in the inner ear.



MATERIALS AND METHODS


Animals

Lgr5-EGFP-IRES-creERT2 mice (Stock #008875, Jackson Laboratory) and Rosa26-tdTomato reporter mice (Stock #007914, Jackson Laboratory) of both sexes were used in the experiments (Madisen et al., 2010). The Fzd9-CreER mice were a gift from Prof Chunjie Zhao from Southeast University (Zhou et al., 2010). We performed all animal procedures according to protocols that were approved by the Animal Care and Use Committee of Southeast University and that were consistent with the National Institute of Health’s Guide for the Care and Use of Laboratory Animals. We made all efforts to minimize the number of animals used and to prevent their suffering.



Genotyping PCR

Transgenic mice were genotyped using genomic DNA from tail tips by adding 180 μl 50 mM NaOH, incubating at 98°C for 1 h, and adding 20 μl 1 M Tris-HCl pH 7.0. The genotyping primers were as follows: Lgr5: (F) 5′-CTG CTC TCT GCT CCC AGT CT-3′; wild-type (R) 5′-ATA CCC CAT CCC TTT TGA GC-3′; mutant (R) 5′-GAA CTT CAG GGT CAG CTT GC-3′. tdTomato: wild-type (F) 5′-AAG GGA GCT GCA GTG GAG T-3′; wild-type (R) 5′-CCG AAA ATC TGT GGG AAG TC-3′; mutant (F) 5′-GGC ATT AAA GCA GCG TAT C-3′; mutant (R) 5′-CTG TTC CTG TAC GGC ATG G-3′. Fzd9: (F) 5′-CAT ACC TGG AAA ATG CTT CTG TCC-3′; (R) 5′-ATT GCT GTC ACT TGG TCG TGG C-3′.



In vivo Labeling and Lineage Tracing of Fzd9+ Cells in the Cochlea

Fzd9CreER/+ mice and Lgr5-EGFPCreER/+ mice were crossed with Rosa26-tdTomato mice separately to label and lineage trace Fzd9+ and Lgr5+ cells in the cochlea. To activate cre, Fzd9CreER/+Rosa26-tdTomato and Lgr5-EGFPCreER/+Rosa26-tdTomato double-positive mice were intraperitoneally (I.P.) injected with tamoxifen (4 mg/25 g body weight, Sigma) at P3, P7, or P14. Mice were killed at different time points, and the cochleae were examined.



Immunostaining and Image Acquisition

Cochleae were fixed in 4% (w/v) paraformaldehyde for 24 h at room temperature and washed with PBS, and the cochleae from P7 and older mice were decalcified with 0.5 M EDTA for 1–3 days. The cochleae were then washed with PBS, dissected in HBSS, and blocked with blocking solution [5% (v/v) donkey serum, 0.5% (v/v) Triton X-100, 0.02% (w/v) sodium azide, and 1% (v/v) bovine serum albumin in PBS (pH 7.4)] for 1 h at room temperature and then incubated with primary antibodies diluted in PBT1 [2.5% (v/v) donkey serum, 0.1% (v/v) Triton X-100, 0.02% (w/v) sodium azide, and 1% (v/v) bovine serum albumin in PBS (pH 7.4)] at 4°C overnight. The cochleae were then washed with 0.1% (v/v) Triton X-100 in PBS (pH 7.4) three times and incubated with fluorescence-conjugated secondary antibody (Invitrogen), both diluted 1:400 in PBT2 [0.1% (v/v) Triton X-100 and 1% (v/v) bovine serum albumin in PBS (pH 7.4)] for 1 h at room temperature. The cochleae were mounted in anti-fade fluorescence mounting medium (DAKO) after washing three times with 0.1% (v/v) Triton X-100 in PBS (pH 7.4). The primary antibodies were anti-Myosin7a (Proteus Bioscience, #25-6790, 1:1,000 dilution in PBT1) and anti-Sox2 (Santa Cruz Biotechnology, #17320, 1:400 dilution in PBT1). A Zeiss LSM 710 confocal microscope was used to obtain the fluorescence images.



Cryosections

Isolated cochleae were fixed in 4% (w/v) paraformaldehyde in PBS (pH 7.4) at room temperature for 4 h. Decalcification with 0.5 M EDTA was performed for cochleae from P7 and older mice. For cryosectioning, tissues were equilibrated with a series of ascending concentrations of sucrose [10%–30% (w/v) in PBS] and then treated serially with a mixture of sucrose and optimum cutting temperature (OCT) compound (Sakura Finetek; 1:1, 3:7, 9:1, then 0:1) in a vacuum chamber for 1 h at room temperature. Tissues were then sectioned (10 μm thick) and processed for immunostaining.



Sphere-Forming Assay and Differentiation Assay

Fzd9CreER/+Rosa26-tdTomato mice were I.P. injected with tamoxifen (4 mg/25 g body weight, Sigma) at P3 and killed at P5, and the cochleae were dissected and digested with trypsin into single cells for FAC sorting of Fzd9+ cells. The cochleae of P5 Lgr5-EGFPCreER/+ mice were also dissected and digested with trypsin into single cells for FAC sorting of Lgr5+ cells. For FAC sorting, we used 2 or 3 litters of P5 mice (usually 15–30 mice) to sort the Lgr5+ and Fzd9+ cells (Supplementary Table S1). The sorted Fzd9+ and Lgr5+ cells were cultured in DMEM/F12 medium supplemented with N2 (1:100 dilution, Invitrogen), B27 (1:50 dilution, Invitrogen), heparin sulfate (50 ng/ml, Sigma), and the growth factors bFGF (10 ng/ml, Sigma), EGF (20 ng/ml, Sigma), and IGF-1 (50 ng/ml, Sigma). For the sphere-forming assay, the cells were cultured at a density of 2 cells/μl (200 cells per well) in Costar ultra-low attachment dishes for 5 days. Sphere number and the mean diameter of all the spheres in each well were quantified at the end of the culture. For the differentiation assay, cells were cultured at a density of 20 cells/μl (2,000 cells per well) in a 4-well dish for 10 days. EdU (10 μM, Invitrogen) was added to the culture medium from day 4 to day 7 to label proliferating cells. Immunofluorescence staining was performed at the end of the culture to quantify Myo7a+ and EdU+ cells. The Click-it EdU imaging kit (Invitrogen) was used after blocking to label proliferating cells. Consistent with previous reports (Chai et al., 2012), cell cluster with more than five cells was identified as a sphere or colony. The Myo7a+ cells inside of the colony were considered mitotically generated Myo7a+ cells, while the Myo7a+ cells outside of the colony were considered to be directly differentiated Myo7a+ cells.



RNA Extraction and RT- PCR

Approximately 20 cochleae from wild-type mice at different ages were used to extract total RNA with Trizol (Thermo). RNA was reverse transcribed into cDNA, and RT-PCR was used to quantify the gene expression levels with β-actin as the reference endogenous gene. The primers were as follows: β-actin: (F) 5′-ACG GCC AGG TCA TCA CTA TTG-3′; (R) 5′-AGG GGC CGG ACT CAT CGT A-3′; Fzd9: (F) 5′-CGC ACG CAC TCT GTA TGG AG-3′; (R) 5′-GCC GAG ACC AGA ACA CCT C-3′.



Statistical Analysis

For each experimental condition, at least three independent experiments were performed. Data were analyzed with GraphPad Prism6 software and presented as means ± standard errors of the means. Two-way ANOVA was used to determine the statistical significance, and a value of p < 0.05 was considered statistically significant. Error bars and n values are defined in the respective figures and legends.




RESULTS


Lineage Labeling of Fzd9+ Cells in the Neonatal Cochlea From Fzd9-CreER/Rosa26-tdTomato Mice

We used Fzd9-CreER/Rosa26-tdTomato double-positive mice to lineage label the Fzd9+ cells. Tamoxifen was I.P. injected into P3 Fzd9-CreER/Rosa26-tdTomato double-positive mice to activate cre, and thus Fzd9+ cells were labeled by tdTomato fluorescence after 48 h (Figure 1A). tdTomato-labeled Fzd9+ cells were observed from the apex to the base in the cochlea (Figure 1B), and tdTomato-labeled Fzd9+ cells were found in the SC layer (Figures 1C,D), including the IPhCs and IBCs and to a lesser extent the third-row DCs as shown by the high-resolution images (Figures 1E,F, Supplementary Figure S2). The cryosections showed the same results (Figure 1G). We also compared the lineage labeling of Lgr5+ and Fzd9+ cells in the neonatal mouse cochlea (Figure 1H). Lgr5+ cells have been reported to include the IPCs, IBCs, the third-row DCs, and part of the GER cells (Chai et al., 2011, 2012; Shi et al., 2012), while tdTomato-labeled Fzd9+ cells included the IPhCs, IBCs, and the third-row DCs, but did not include IPCs or GER cells. The cell types and number of Fzd9+ cells were much lower than Lgr5+ progenitors, which suggests that Fzd9+ cells might be a subset of HC progenitors.
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FIGURE 1. The expression of Fzd9 in the neonatal mouse cochlea. (A) Tamoxifen was I.P. injected into P3 Fzd9-CreER/Rosa26-tdTomato mice to activate cre, and the cochleae were dissected 48 h later to identify the tdTomato expression pattern, which indicates Fzd9 expression. (B–G) Fzd9 expression was shown by tdTomato. The low-magnification images (B) showed that Fzd9 is expressed in the cochlea. The HC layer (C) and SC layer (D) showed that Fzd9 is expressed in the SCs, but not in the HCs. The high-magnification figures showed that Fzd9 is expressed in IPhCs, IBCs, and the third-row DCs (indicated by white *; E). The large square images are single XY slices, the vertical red line shows the position of the orthogonal slice that is shown to the right of each panel, and the blue line on the orthogonal slice shows the level of the XY slice to the left. Orthogonal projections of tdTomato+ cells are indicated by white arrows. A three-dimensional reconstruction of Fzd9 expression is shown in (F). The cryosections also showed the same Fzd9 expression pattern (G). Myo7a was used as the HC marker and Sox2 was used as the SC marker. Scale bar, 50 μm in (C,D,G) and 20 μm in (E). (H) Schematic of Fzd9 expression in the neonatal mouse cochlea. HC, hair cell; SC, supporting cell; IHC, inner hair cell; OHC, outer hair cell; DC, Deiters’ cell; OPC, outer pillar cell; IPC, inner pillar cell; IPhC, inner phalangeal cell; IBC, inner border cell; GER, the lateral greater epithelial ridge; LER, lesser epithelial ridge; TBC, tympanic border cells; CC, Claudius cells; HEC, Hensen’s cells; BC, Boettcher cells.





The Lineage Labeling Efficiency of Cochlear Fzd9+ Cells Decreased With Age

The expression of Lgr5 decreases as the mice age and is only expressed in the third-row DCs in the adult mouse cochlea (Chai et al., 2011). Thus we speculated that the lineage labeling efficiency of cochlear Fzd9+ cells might also decrease with age, and we examined the lineage labeling efficiency of cochlear Fzd9+ cells at different time points. First, we measured the mRNA level of Fzd9 by RT-PCR and found that the Fzd9 mRNA level decreased dramatically with age and that very little Fzd9 mRNA expression could be detected at P14 (Figure 2A). Tamoxifen was I.P. injected into P3, P7, and P14 mice, and the mice were killed 48 h later to examine the lineage labeling efficiency of cochlear Fzd9+ cells (Figure 2B). The results showed that consistent with the Fzd9 mRNA expression level, tdTomato-labeled Fzd9+ cells were dramatically decreased with age, and no tdTomato+ cells could be detected in P14 mice (Figures 2C,D).


[image: image]

FIGURE 2. The spatiotemporal expression of Fzd9 in the cochlea at different time points. (A) RT-PCR showed Fzd9 mRNA expression at P3, P7, and P14. β-actin was used as the internal control. (B) Tamoxifen was I.P. injected into P3, P7, and P14 Fzd9-CreER/Rosa26-tdTomato mice to activate cre, and the cochleae were dissected 48 h later to determine the tdTomato expression pattern, which shows Fzd9 expression at different time points (C). Myo7a was used as the HC marker, and Sox2 was used as the SC marker. The large square images are single XY slices, the vertical red line shows the position of the orthogonal slice that is shown to the right of each panel, and the blue line on the orthogonal slice shows the level of the XY slice to the left. Orthogonal projections of tdTomato+ cells are indicated by white arrows. Scale bar, 20 μm. (D) Quantification of tdTomato+ cells at each time point. n = 3 for both Lgr5 and Fzd9 mice. **p < 0.01.





Fzd9+ Cells Generated Similar Numbers of New HCs Compared to Lgr5+ Progenitors in the Neonatal Mouse Cochlea in vivo

Next, we used lineage tracing to determine the HC generation ability of Fzd9+ cells in vivo. Tamoxifen was I.P. injected at P3 into Fzd9-CreER/Rosa26-tdTomato and Lgr5-EGFP-CreERT2/Rosa26-tdTomato mice to lineage trace the Fzd9+ and Lgr5+ cells, respectively, and the mice were killed at P9 to detect the newly generated tdTomato+/Myo7a+ HCs (Figure 3A). In both Fzd9-CreER/Rosa26-tdTomato and Lgr5-EGFP-CreERT2/Rosa26-tdTomato mice, tdTomato+/Myo7a+ HCs could be found in the apical and middle turns of P9 cochleae (Figures 3B,C), and Fzd9+ cells could generate similar numbers of new HCs compared to Lgr5+ progenitors (Figure 3D). Cryosection images showed the same results (Figures 3E,F). tdTomato-labeled Fzd9+ cells included the IPhCs, IBCs, and third-row DCs, and these Fzd9+ cells could generate similar numbers of new HCs compared to Lgr5+ progenitors, which included more cell types, in neonatal mice cochleae in vivo, which suggests that Fzd9+ cells might be HC progenitors.
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FIGURE 3. Lineage tracing of Fzd9+ cells in the neonatal mouse cochlea. (A) Tamoxifen was I.P. injected into P3 Fzd9-CreER/Rosa26-tdTomato mice to activate cre, and the cochleae were dissected at P9 to lineage trace Fzd9+ cells. Lgr5-EGFP-CreER/Rosa26-tdTomato mice were treated by the same way to lineage trace Lgr5+ cells. (B–F) Lineage tracing results showed tdTomato+/Myo7a+ HCs (indicated by white arrows) in the apical, middle, and basal turns of the cochlea by whole-mount (B,C) and cryosection (E,F). The large square images are single XY slices, the vertical red line shows the position of the orthogonal slice that is shown to the right of each panel, and the blue line on the orthogonal slice shows the level of the XY slice to the left. Myo7a was used as the HC marker, and Sox2 was used as the SC marker. Scale bar, 20 μm in (B,C) and 50 μm in (E,F). Quantification of tdTomato+ HCs was shown in (D). n = 4 for Lgr5 mice and n = 3 for Fzd9 mice. n.s., not significant.





Flow Cytometry-Isolated Fzd9+ Cells Have Similar Sphere-Forming Ability Compared to Lgr5+ Progenitors in vitro

One of the important characteristics of stem cells and progenitor cells is the ability to self-renew. Fzd9+ and Lgr5+ cells were isolated from Fzd9-CreER/Rosa26-tdTomato and Lgr5-EGFP-CreERT2 mice, respectively, by flow cytometry, and the cells were cultured in vitro for 5 days to form spheres (Figure 4A). The flow cytometry plots showed that the Lgr5+ progenitors were around 2.44% of the whole cochlear cell population, while the Fzd9+ cells were only around 0.63% of the whole cochlear cell population (Figure 4B). The sphere-forming assay showed that 200 Fzd9+ cells could form a similar number of spheres compared to 200 Lgr5+ progenitors (Figures 4C,D, Supplementary Figure S3), and the statistical analysis showed that the diameters of the spheres generated from Fzd9+ cells and Lgr5+ progenitors were almost the same (Figure 4D and Supplementary Table S1). Together, these results suggested that Fzd9+ cells had almost the same proliferation and sphere-forming ability as Lgr5+ progenitors.
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FIGURE 4. Fzd9+ cells form spheres similarly to Lgr5+ progenitors when cultured in vitro. (A,B) Tamoxifen was I.P. injected into P3 Fzd9-CreER/Rosa26-tdTomato mice to activate cre, and the cochleae were trypsinized and dissociated into single cells 48 h later for FAC sorting of Fzd9+ cells by tdTomato fluorescence. The cochleae of P5 Lgr5-EGFP-CreER mice were also trypsinized for FAC sorting for Lgr5+ cells. FAC sorting plots are shown in (B). Then Fzd9+ and Lgr5+ cells were cultured in vitro for 5 days to form spheres. (C) The spheres formed by Lgr5+ progenitors and Fzd9+ cells. Scale bar, 50 μm. (D) Quantification of the sphere diameter and number of Lgr5+ spheres and Fzd9+ spheres. n = 3 for Lgr5+ spheres and n = 4 for Fzd9+ spheres. n.s., not significant.





Flow Cytometry-Isolated Fzd9+ Cells Have Similar Differentiation Ability for Generating Myo7a+ Cells Compared to Lgr5+ Progenitors in vitro

Next, we examined the differentiation ability of isolated Fzd9+ cells. We isolated the Fzd9+ and Lgr5+ cells, respectively, by flow cytometry and then performed a differentiation assay to culture the cells in vitro for 10 days, and EdU was added from day 4 to day 7 to detect the proliferating cells (Figure 5A). We found that 2,000 Fzd9+ cells generated similar numbers of Myo7a+ cells compared to 2,000 Lgr5+ progenitors after 10 days of differentiation and that 2,000 Fzd9+ cells also generated similar numbers of Myo7a+/EdU+ cells compared to 2,000 Lgr5+ progenitors (Figures 5B–D, Supplementary Table S1). Together this suggested that Fzd9+ cells have similar differentiation ability for generating Myo7a+ cells compared to Lgr5+ progenitors.
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FIGURE 5. Sphere differentiation assay of Fzd9+ and Lgr5+ cells. (A) The same numbers of Fzd9+ cells and Lgr5+ progenitors were cultured in vitro for 10 days and allowed to differentiate. (B) Immunofluorescence images of differentiated spheres and individual cells outside the colonies formed from Fzd9+ cells and Lgr5+ progenitors. The large square images are single XY slices, the vertical red line shows the position of the orthogonal slice that is shown to the right of each panel, and the blue line on the orthogonal slice shows the level of the XY slice to the left. Myo7a was used as the HC marker, and EdU was used to label proliferating cells. Myo7a+/EdU+ cells are indicated by white arrows. Scale bar, 20 μm. (C,D) Quantification of Myo7a+ and EdU+ cells in spheres (C) and Myo7a+ cells in inside and outside colonies (D) formed from Fzd9+ cells and Lgr5+ progenitors. n = 3 for both Lgr5+ and Fzd9+ cells. n.s., not significant.






DISCUSSION

The loss of HCs is the main cause of sensorial hearing loss, and HC regeneration from HC progenitors has become one the most important areas of research in the field of hearing research. Lgr5 has been reported to be a marker of HC progenitors that can regenerate HCs in the neonatal mouse cochlea. However, Lgr5+ cells can be found among many cell types and in different numbers of cells. Here, we show that Fzd9 can be used as a more restricted HC progenitor marker that only marks IPhCs, IBCs, and third-row DCs. We found that Fzd9+ cells can generate HCs in the neonatal mouse cochlea in vivo and can form spheres and generate HCs when cultured in vitro.

Fzd9, one of the 10 frizzled family proteins, acts as a Wnt receptor and can activate canonical and non-canonical Wnt signaling pathways (Karasawa et al., 2002; Winn et al., 2005; Avasarala et al., 2013a,b; Heilmann et al., 2013; Aviles et al., 2014), and has been reported to interact with Wnt2, Wnt5, Wnt7, and Wnt8 to activate different downstream signaling cascades (Karasawa et al., 2002; Momoi et al., 2003; Winn et al., 2005; Avasarala et al., 2013a,b; Ramírez et al., 2016). Further research is needed to determine which Wnt proteins Fzd9 interacts within the cochlea and whether it activates the canonical or non-canonical pathway. In the brain and 293T cell line, upregulation of Fzd9 leads to the induction of Wnt signaling, while downregulation of Fzd9 inhibits Wnt signaling (Karasawa et al., 2002; Ramírez et al., 2016). In the inner ear, many previous reports, including our own findings, have shown that activation of Wnt signaling significantly promotes the proliferation of Lgr5+ progenitors both in vitro and in vivo and that inhibition of Wnt signaling significantly decreases the proliferation ability of Lgr5+ cells (Chai et al., 2012; Shi et al., 2012; Li et al., 2015; Ni et al., 2016; Wu et al., 2016). Furthermore, in 3D cultures of Lgr5+ progenitors, activation of Wnt signaling increases the formation of 3D organoids (Lenz et al., 2019). Thus it is possible that Fzd9 might play a role in regulating Wnt signaling in the inner ear, which in turns affects the proliferation ability of Fzd9+/ Lgr5+ progenitors. And the detailed role of Fzd9 in regulating the proliferation and/or differentiation of the inner ear progenitors still need to be investigated in the future. Many other genes and signaling pathways, such as Notch, Neurog1, Hedgehog, and Foxg1, have been reported to play a role in HC development and regeneration (Pauley et al., 2006; Jahan et al., 2015a,b; Li et al., 2015; Ni et al., 2016; Chen et al., 2017; He et al., 2019), and we will study their roles in Fzd9+ progenitors in the future.

Lgr5+ progenitors have been shown to include IPCs, IBCs, third-row DCs, and some of the GER cells, while Fzd9+ cells include IPhCs, IBCs, and third-row DCs (Figure 1H), and we used Sox2 to label SCs (Figures 1D,E, Supplementary Figure S2), including Hensen’s cells (HECs), DCs, outer pillar cells (OPCs), IPCs, IPhCs, IBCs and GER (Dabdoub et al., 2008; Nichols et al., 2008; Chai et al., 2012; Li et al., 2015). In the very apical turn of the cochlea, only 4.8 ± 1.7 OPCs, first-row and second-row DCs per 100 μm of the cochlea length were labeled by tdTomato, while we did not find any tdTomato+ OPCs, first-row or second-row DCs in the rest of the apical, middle, and basal turns. The flow cytometry plots also showed that Lgr5+ progenitors made up around 2.44% of all of the cochlear cells, while the Fzd9+ cells only made up 0.63% of the total cochlear cells (Figure 4B). Thus the cell types and cell numbers of Fzd9+ cells were both much less than Lgr5+ cells, which means that Fzd9+ cells were a smaller cell population compared to Lgr5+ cells. Considering that the proliferation, differentiation, and HC generation ability of Fzd9+ cells is similar to Lgr5+ progenitors, it is very possible that Fzd9+ cells are the main functional progenitor cell types among Lgr5+ cells, and thus our work provides a new marker for HC progenitors and narrows down the progenitor cell types and numbers compared to Lgr5+ progenitors. According to our current data, we speculated that Lgr5+/Fzd9- SCs might have very limited ability as HC progenitors, which still need further more research to prove. IBCs and the third-row DCs express both Lgr5 and Fzd9, while IPhCs only express Fzd9, and this suggests that IPhCs might also be important for HC generation. Our recent research reported that Lgr6 is expressed in the IPCs, which have higher ability for differentiation and lower ability for proliferation compared to Lgr5+ progenitors (Zhang et al., 2018). Fzd9+ IPhCs express neither Lgr5 nor Lgr6, but these cells have never been studied in terms of their ability to proliferate and differentiate. In a future study, we are planning on flow sorting the Fzd9+ IPhCs to determine their proliferation and differentiation ability.

Fzd9 expression decreased dramatically with age, which is consistent with the decreased expression of Wnt signaling with age (Chai et al., 2011; Jan et al., 2013). Fzd9 is expressed at high levels at P3, at much lower levels at P7, and is undetectable at P14, which is consistent with the rapid decrease of HC generation ability in the mouse cochlea after P7. These results also suggested that Fzd9 could serve as a marker for HC progenitors because its expression correlates with the HC generation ability of the postnatal mouse cochlea.

The sphere-forming assay showed that Fzd9+ cells could form spheres when cultured in vitro and that these spheres were similar in number and diameter compared to Lgr5+ progenitors. We also performed a sphere-forming assay in older mice to see if the subpopulation of Lgr5+/Fzd9+ cells loses their proliferative capacity differently. P9 Fzd9-CreER/Rosa26-tdTomato mice were injected with tamoxifen, and Fzd9+ cells were FAC sorted at P12 (Supplementary Figure S1A). P12 Lgr5-EGFP-CreER mice were also used for FAC sorting Lgr5+ progenitors. Both cells were cultured in vitro for the sphere-forming assay, and we observed fewer and smaller spheres at P12 than at P5, and the sphere numbers and mean sphere diameters generated from P12 Lgr5+ cells and Fzd9+ cells were similar after 5 days of cell culture (Supplementary Figures S1B,C), which was consistent with previous reports that showed the sphere-forming ability were decreasing with age (Oshima et al., 2007). This suggests that Fzd9+ cells can proliferate and renew themselves when cultured in vitro and that the in vitro proliferation ability of Fzd9+ cells and Lgr5+ cells are similar.

Differentiation results showed that Fzd9+ cells could proliferate and differentiate into Myo7a+ cells, which is consistent with our in vivo data. We also compared the differentiation ability of Fzd9+ cells and Lgr5+ cells and found that the numbers of Myo7a+ cells and Myo7a+/EdU+ cells were almost the same, which means that the differentiation ability of Fzd9+ cells and Lgr5+ are practically the same. Taken together, the sphere-forming assay and in vitro differentiation assay both showed that when cultured in vitro the proliferation and differentiation ability of Fzd9+ cells are similar to Lgr5+ cells and that Fzd9+ cells have similar characteristics as previously identified HC progenitors. One recent report showed that Lgr5+ progenitors could be established as a valuable in vitro tool for the analysis of progenitor cell manipulation and HC differentiation (Lenz et al., 2019), and this has inspired us to establish Fzd9+ progenitors for the same use in the future.

In summary, we used Fzd9-CreER/Rosa26-tdTomato mice to show that Fzd9+ cells were traced in IPhCs, IBCs, and third-row DCs, but not in IPCs or GER cells, in the neonatal mouse cochlea and that Fzd9 expression decreased with age. Fzd9+ cells have the ability to generate HCs in vivo and form spheres in vitro, and the differentiation ability of Fzd9+ cells was similar compared to Lgr5+ progenitors in the in vitro differentiation assay. Our work thus suggests that Fzd9 is a more restricted marker for HC progenitors than Lgr5.
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Viral vectors have become very popular to overexpress or downregulate proteins of interest in different cell types. They conveniently allow the precise targeting of well-defined tissue areas, which is particularly useful in complex organs like the brain. In theory, each vector should have its own cell specificity that can be obtained by using different strategies (e.g., using a cell-specific promoter). For the moment, there is few vectors that have been developed to alternatively target, using the same capsid, neurons and astrocytes in the central nervous system. There is even fewer examples of adeno-associated viral vectors able to efficiently transduce cells both in vitro and in vivo. The development of viral vectors allowing the cell-specific downregulation of a protein in cultured cells of the central nervous system as well as in vivo within a large brain area would be highly desirable to address several important questions in neurobiology. Here we report that the use of the AAV2/DJ viral vector associated to an hybrid CMV/chicken β-actin promoter (CBA) or to a modified form of the glial fibrillary acidic protein promoter (G1B3) allows a specific transduction of neurons or astrocytes in more than half of the barrel field within the rat somatosensory cortex. Moreover, the use of the miR30E-shRNA technology led to an efficient downregulation of two proteins of interest related to metabolism both in vitro and in vivo. Our results demonstrate that it is possible to downregulate the expression of different protein isoforms in a cell-specific manner using a common serotype. It is proposed that such an approach could be extended to other cell types and used to target several proteins of interest within the same brain area.

Keywords: AAV2/DJ, shRNA, neurons, astrocytes, MCT2, MCT4, miR30E, barrel cortex


INTRODUCTION

Viral vectors are used as tools to spatially and temporally regulate the expression of proteins in a wide range of cell types, including brain cells (Davidson et al., 2000; Burger et al., 2004). Adeno-associated viral vectors (AAVs) are one of the most commonly used for several reasons. AAVs are single-stranded DNA viruses with a short DNA length, about 4.7 kb (Hoggan et al., 1966). Because of their inability to replicate in the absence of a helper virus, e.g., Adenovirus or Herpesvirus, and because of their episomal form in the nucleus, working with AAVs in the laboratory is considered as safe (Dismuke et al., 2013). Moreover, this virus is not associated with any human disease (Flotte and Berns, 2005). It was shown that over 80% of the human population has been infected with the AAV2 (Calcedo et al., 2009). Because of their small size (about 20 nm), AAVs largely diffuse in the rodent brain and are widely used for in vivo brain studies (Aschauer et al., 2013). Unfortunately, most of the AAVs have a low efficiency in vitro (Ellis et al., 2013). This downside forced researchers in the past to choose different serotypes or even different viral vectors for in vitro and in vivo studies, introducing an unavoidable bias in their study.

Few years ago, the AAV2/DJ serotype was developed (Grimm et al., 2008). This serotype was created from the shuffling of capsids between eight existing serotypes (AAV2, 4, 5, 8, 9, Avian, Caprine, and Bovine). It was shown in vitro that the AAV2/DJ outperforms the other serotypes in terms of transduction efficiency in vitro (above 1,000 times depending on the cell line studied). It was also shown that the AAV2/DJ remains highly efficient in vivo like the other AAVs (Holehonnur et al., 2014; de Solis et al., 2017).

The ability to transduce different cell types is primarily determined by the AAV capsid proteins. Each AAV serotype has its own tropism, i.e., its own specificity for a particular cell type (Daya and Berns, 2008). Most AAVs have a prominent neuronal tropism (e.g., AAV2, AAV5) except AAV4 that targets predominantly astrocytes (Liu et al., 2005). Several years ago, it was shown that the capsid is not the only parameter that determines the cell specificity of a viral vector. Changing the promoter can modify the cell-specific expression of the transduced sequence, e.g., the use of an astrocyte-specific promoter can change the cell-specific expression from neuronal to astrocytic (Brenner et al., 1994).

Adeno-associated viral vectors are widely used to overexpress small proteins in a specific cell type. Fewer studies were conducted using AAVs to downregulate the expression of a protein in a cell-specific manner. Indeed, the AAV DNA length (4.7 kb) prevents the use of efficient knockout strategies such as the CRISPR-Cas9 system. The transgene size is usually too large, over 3 kb (Jiang and Doudna, 2017). The other commonly used strategy for protein expression downregulation is RNA interference, a post-transcriptional gene regulation mechanism that uses short hairpin RNAs (shRNAs) complementary to the targeted mRNA that will bind to it and favor its degradation (Rao et al., 2009). The incorporation of shRNAs into endogenous microRNA contexts is offering the possibility to use cell-type specific polymerase II promoter. Furthermore, Fellmann et al. (2013) showed that embedding the shRNA sequence in a miR30E backbone (miR30E-shRNA) allows the cell to recognize the sequence as its own and process it in a controlled manner, increasing the yield of downregulation.

The use of a highly efficient downregulation tool targeting different cell types could permit to conduct studies targeting different isoforms of the same protein family expressed by different cell types within the same tissue. The association of the miR30E-shRNA with the AAV2/DJ represents an interesting strategy to target different isoforms in different cell types in the same tissue. Our goal was to combine those two elements to downregulate, in vitro and in vivo, the expression of two monocarboxylate transporter isoforms (MCTs). These proteins are key players for the astrocyte-neuron lactate shuttle (ANLS), a mechanism purported to play a central role in neuroenergetics (Pellerin and Magistretti, 1994). MCTs form a small group of proton-linked carriers of energy substrates, which includes lactate, pyruvate and ketone bodies. In the central nervous system, MCT2 is predominantly expressed by neurons whereas MCT4 is found solely on astrocytes (Halestrap and Price, 1999).

To achieve our goal, we developed AAV2/DJ viral vectors with two different promoters specific for neurons or astrocytes, and injected them in the barrel field of the rat primary somatosensory cortex (S1BF). We verified that, as expected, the chicken β-actin promoter (CBA, 0.8 kbp; Wang et al., 2003; Gray et al., 2011) led to a neuronal expression of the reporter protein and the modified form of the glial fibrillary acidic protein promoter G1B3 (Merienne et al., 2017) led to an astrocytic expression. Then, derived vectors harboring a specific shRNA sequence against one of the two MCT isoforms were tested in vitro and in vivo for their capacity to selectively downregulate the expression of MCT2 and MCT4.



MATERIALS AND METHODS

Reference of materials and resources can be found in Supplementary Table 1.


Animals

Adult Wistar rats (over 7 weeks old, males only for in vivo experiments and pregnant females for in vitro experiments, Janvier Laboratories, RRID:RGD_13508588) were used under the protocol approved by the Swiss “Service de la Consommation et des Affaires Vétérinaires (SCAV, authorization n°3101.1) in accordance with Swiss animal welfare laws. They were housed by two and maintained on a 12 h light/dark cycle. Food and water were provided ad libitum throughout the experiment. Littermates of the same sex were randomly assigned to experimental groups.



Plasmids Cloning

Plasmids from Geneart (Supplementary Table 1, Recombinant DNA, pMK) were cloned into a pENTR (pENTR-mCherry-miR30E-shHTT6) kindly provided by Pr. Nicole Déglon (Supplementary Table 1, Recombinant DNA, pENTR). This pENTR already contained the reporter gene (mCherry). Then, Gateway LR Clonase reaction was performed to insert the pENTR fragment mCherry-miR30E-miR30E-shRNA into destination vectors pAAV2ss-CBA-RFA-WPRE-bGH or pAAV2-G1B3-RFA-WPRE-bGH. Final products (Supplementary Table 1, Recombinant DNA, pAAV2ss) were then used to produce AAVs. The CBA promoter is a hybrid promoter corresponding to the chicken beta actin promoter with the enhancer sequence of the cytomegalovirus (Wang et al., 2003; Gray et al., 2011). The G1B3 promoter is a modified form of the GfaABC1D promoter, derived from the Glial Fibrillary Acidic Protein (GFAP) (Merienne et al., 2017). More precisely, three copies of the “B” enhancer sequence from Gfa2(b)3 (De Leeuw et al., 2006) have been cloned in the GfaABC1D promoter (Lee et al., 2008) to generate GfaABC1D(B3) (hereafter called G1B3; Merienne et al., 2017). The combination of those modifications led to a greater expression level and a more astrocyte-specific expression. The ITR (Inverted Terminal Sequence) allows the formation of episomally stable concatemers. The WPRE (Woodchuck hepatitis virus Post-Regulational Element) sequence enhances the expression of the transgene. The bGH (bovine Growth Hormone) sequence promotes polyadenylation and termination of the transgene.



AAV Production

Adeno-associated viral vectors were produced in HEK293T cells, transfected with pHelper, pAAV-DJ_Rep_Cap and pAAV2-transgene using the calcium phosphate precipitation method. Cells and supernatant were harvested 72 h post-transfection and centrifuged for 10 min at 300 g at 4°C. Supernatant and cell pellet were processed in parallel. Supernatant was incubated in 8% Polyethylene Glycol, 2.5 M NaCl for 2 h at 4°C. Pellets were pooled and incubated with lysis buffer (0.15 M NaCl, 50 mM Tris–HCl, pH 8.5) for three cycles of freeze/thaw steps (30 min in dry ice/ethanol followed by 30 min at 37°C). The PEG-precipitated supernatant was centrifuged at 4,000 g for 20 min at 4°C and the pellet was stored. The lysate was added to the pellet and incubated at 37°C for 1 h. The cellular lysate was treated with Benzonase (50 units/mL) in 1 M MgCl2 for 30 min at 37°C. Then the lysate was centrifuged at 4,000 g for 20 min at 4°C. AAVs were separated using iodixanol gradient centrifugation at 59,000 rpm (70Ti rotor, Beckman-Coulter) for 90 min at 20°C. Phase containing AAVs was harvested and loaded on an Amicon Ultra-15PL 100 column with 0.001% Pluronic F68 D-PBS for iodixanol cleaning and viral particles concentration. Tubes were first centrifuged at 4,000 g at 4°C until the whole solution has passed through the column. AAVs were resuspended in 200 μL 0.001% Pluronic F68 D-PBS. The viral genome content (vg/mL) of each AAV2/DJ was assessed by Taqman® qPCR with primers recognizing Inverted Terminal Repeats of AAV2 viral genome (Supplementary Table 1, Oligonucleotides). AAV2/DJ was stored at −80°C until use.



Stereotaxic Surgery

Surgeries were performed on 7 weeks old animals. Animals were randomly assigned to experimental groups. Animals were anesthetized with isoflurane (5% for the induction and 3% to maintain the anesthesia). AAVs or PBS were injected in one site/hemisphere (S1BF: Anteroposterior = −2,3 mm; Mediolateral = ±5 mm; Dorsoventral = −3 mm). Viral vectors were injected with 34 G steel cannula fixed on a cannula holder and linked to a 10 μL Hamilton syringe and an infusion pump. For each site, 4 μL of viral vector were injected at 0.2 μL/min. Cannulas were left in the brain for 5 min after the injection, and then slowly removed. Skin was closed using 4.0 sterile suture thread. Sterile NaCl 0.9% solution (1 mL) was delivered to the rat by intra-peritoneal injection to avoid dehydration after surgery, and healing cream was applied on the head. Sugar-taste Paracetamol was delivered to the animal in water (1 g/cage for rats) during 72 h. Animals were monitored until complete awakening, and every day during 3 days after the surgery. All viral vectors were injected at a final concentration of 1 × 108 g/site.



Brain Samples Processing

For brain fixation, animals were anesthetized by lethal i.p. injection of Pentobarbital (150 mg/kg, 1 mL/kg). Intra-cardiac perfusion of cold PBS 1× was performed during 1 min (30 mL/min), followed by perfusion of cold fresh Paraformaldehyde 4% (PFA 4%) solution diluted in 0.15 M of Na-Phosphate buffer during 10 min (30 mL/min). The brain was quickly dissected and post-fixed in PFA 4% during 12 h, followed by cryo-protection in PBS 1×-Sucrose 20% (24 h) and PBS 1×-Sucrose 30% (24 h). Brains were conserved at –80°C until being sectioned at 25 μm with a cryostat.

For RNA and protein extractions, all procedures were performed under RNAse-free conditions. Rats were slightly anesthetized using Isoflurane and quickly decapitated. After, brain was removed and placed in a cold dissection matrix to prepare 1 mm sections. Barrel cortex area was quickly isolated and punches were immediately homogenized on ice in 1 mL of Trizol Reagent and stored at −80°C until use.



Mixed Primary Cultures of Rat Cortical Neurons and Astrocytes

The day before dissection, culture wells (6-well plates) were coated with Poly-L-Ornithine Hydrobromide 15 mg/mL. The pregnant female was sacrificed (at E17–17.5, days of gestation) by decapitation. Embryos were extracted and then cortices were isolated and minced. Minced cortices were then incubated at 37°C with a papain solution (HBSS with Penicillin-Streptomycin 1×, 1 mM L-cysteine, DNAse I 1,000 U and Papain 200 U) for 30 min. Papain activity was then quenched by 1 mL of FBS. Cortices were then finely dissociated in culture medium (High glucose DMEM, B-27 supplement 1×, FBS 10%) by gentle up and down movements in a sterile Pasteur pipette. The solution containing the dissociated cells was then centrifuged for 15 min at 1,000 g. Cells were resuspended in culture medium, counted and plated (200,000 cells per well). A neurons/astrocytes proportion of about 1:3 was obtained at the end of the culture time (because of astrocytes proliferation).

The MOI (Multiplicity of Infection) was calculated as the number of viral particles needed per cell (AAV number/total number of cells, Ellis et al., 2013). After 5 days of culture, the culture medium was changed and cells were infected using increasing doses of viral vectors (MOI of 500, 2,000, 4,000 and 7,000). To avoid differences in temperature and volume of culture medium, only 40 μL of diluted vector were added per well.

After 11 days of culture, cells were incubated with 600 μM of DETA-NONOate, a NO donor, for 16 h. This exposure mimics the effect of physoxia. Indeed, at 21% of O2, astrocytes do not express MCT4 (Marcillac et al., 2011). At day 12 in vitro, all cells were collected using 350 μL of RLT Buffer from the RNeasy mini kit (Qiagen) and stored at −80°C until use for mRNA extraction and in 100 μL of RIPA buffer and stored at −20°C until use for protein extraction.



Immunohistochemistry

Primary and secondary antibodies used in this study are described in the Supplementary Table 1. Free-floating sections of 25 μm were washed three times (5 min/wash) at RT in PBS 1×, blocked 1 h in PBS 1× containing 10% Bovine Serum Albumin Fraction V (BSA) and 0.1% of Triton x-100. Sections were incubated overnight at 4°C in PBS 1× containing 5% BSA, 0.1% Triton x-100 and primary antibodies diluted at 1/500. The following day, sections were washed three times (5 min/wash) in PBS 1× and incubated 2 h in PBS 1× containing 5% BSA, 0.1% Triton x-100 and secondary antibodies (diluted at 1/1,000). Sections were finally washed 3 times in PBS 1×, incubated in Hoechst 33342 trihydrochloride trihydrate solution (10 μg/mL) during 5 min at RT, washed three times in PBS 1× and mounted on SuperFrost Ultra Plus microscope slide in Fluoromount medium.



RNA and Protein Extraction

RNA and protein extractions were performed on ice under RNAse free conditions, with ultrapure sterile RNAse-DNAse-Protease free water. Extractions from in vivo experiments were performed according to the Trizol kit recommendations (mRNA and protein extraction). Extractions from in vitro experiments were performed according to the RNeasy mini kit recommendations. At the end, RNAs were finally resuspended in 22 μL of ultrapure sterile RNAse-DNAse-Protease free water and stored at −80°C. RNA concentration and potential chemical contamination were determined using a Nanodrop 1,000. Samples with aberrant 280/260 and 260/230 ratio were discarded.

Cells were collected in RIPA buffer. Samples were sonicated 3 times for 5 s at an intensity of 70% and centrifuged at 10,000 g for 5 min. Supernatants were collected and protein concentration was measured using a micro BCA assay (see below).



Reverse Transcription and qPCR

Reverse transcription was performed according to the SuperScript Transcriptase II protocol. 50 μM Random Hexamers and 10 mM dNTP mix were added to 200 ng of samples. Samples were incubated for 5 min at 65°C. Then, First Strand Buffer 5×, 0.1 M DTT and ultrapure DNAse-RNAse free water were added. Samples were incubated for 2 min at 25°C. Finally, 200 units of SuperScript Transcriptase II were added and tubes were incubated in a Thermocycler to perform the reaction (10 min at 25°C, 50 min at 42°C and 15 min at 70°C). At the end, cDNAs were diluted to obtain a final concentration of 1 ng/L.

Quantitative PCR was performed on 2 ng of cDNA following the protocol of the SensiFAST SyBr Hi-Rox kit. Samples were incubated at 95°C for 3 min then 40 cycles of 3 s at 95°C and 20 s at 60°C. For every experiment, the expression of the gene of interest was reported to RPS29 (Ribosomal Protein S29) expression.



Protein Measurement and Western Blot

Protein concentration was evaluated using the Micro BCA Protein assay kit, according to the manufacturer’s recommendations. Diluted proteins were mixed with Laemmli Buffer 4×. Samples and molecular standards (PageRuler) were loaded on a SDS-PAGE 12% acrylamide gel and then transferred on a nitrocellulose membrane by semi-dry transfer (Transblot Turbo). At the end of transfer, membranes were blocked for 1 h, under agitation, at RT with Odyssey Blocking Buffer. Then, membranes were incubated with the primary antibodies in the Odyssey Blocking Buffer overnight, at 4°C, under agitation. The following day, membranes were washed in PBS-0.1% Triton x-100 and incubated with secondary antibodies diluted in Odyssey Blocking Buffer for 2 h, at RT, under agitation. After few washes in PBS-0.1% Triton x-100, membranes were revealed with the LI-COR Odyssey device. The expression of the gene of interest was reported to β-actin expression for in vitro experiments and to β III-tubulin expression for in vivo experiments.



Image Acquisition and Quantification

Images were obtained using a Zeiss LSM 710 Quasar confocal microscope. For diffusion analysis, all acquisition parameters were kept constant between sections for each animal. All analyses were performed on raw unmodified images. Colocalization analysis was performed on ImageJ (v1.44 p), using the Plugin Cell Counter1. To analyze the diffusion of the vector, Tile scans of 7 × 7 were taken on the confocal microscope.



Statistical Analysis

Statistical analyses were performed with GraphPad Prism (v. 7.04). For colocalization analyses and in vivo studies, a Student’s t-test was applied and results were considered significant when p < 0.05. Results are presented as mean ± SEM. For in vitro studies, one-way ANOVA was used followed by a Dunnett’s test that compares each condition to the non-transduced condition.




RESULTS

AAV2/DJ-based viral vectors have been recently introduced and need to be further characterized before being popularized as tools for biological studies, notably in the central nervous system. Indeed, it has already been tested in the brain to overexpress a protein as a model of Huntington’s disease (Jang et al., 2018) but not to downregulate protein isoforms. In order to do so, different parameters such as their cell-specific transduction and diffusion in vivo were measured to validate their usefulness.


Large Diffusion in the Rat S1BF Area and Neuron-Specific Expression of the Transgene With an AAV2/DJ Viral Vector Containing a CBA Promoter

A first construct was generated with a control non-coding sequence (shUNIV) embedded in a miR30E sequence positioned after a mCherry sequence, both under the control of a CBA promoter (which was reported to promote a neuronal expression, Meunier et al., 2016; Figure 1A). The resulting AAV2/DJ-CBA-mCherry-mir30E-shUNIV viral vector was injected at a single site in the S1BF area of the rat (stereotaxic coordinates: anteroposterior = −2.3 mm; mediolateral = ±5 mm; dorsoventral = −3 mm). After 3 weeks, the diffusion of the viral vector was analyzed using immunofluorescence to amplify the mCherry signal and enhance its detection, especially in small neuronal elements such as fine processes. Transduced cell bodies were found in a large area of S1BF (±0.5 mm around the needle track along the anteroposterior axis) mainly localized in layers IV/V/VI (Figure 1B). In addition, many fibers were also transduced (Figure 1C) and covered a larger area than cell bodies (±1 mm around the needle track along the anteroposterior axis). Transduced fibers were found in all cortical layers. If all transduced cell bodies and fibers are taken into account, the viral vector has diffused over half of the entire S1BF area. The cellular specificity of the vector was determined by analyzing mCherry expression in the two major cell types transduced by the vector (Figure 1D). Co-localization between NeuN/mCherry (revealing transduced neurons) and GS/mCherry (revealing transduced astrocytes) was quantified. The vector preferentially and largely transduced neurons over astrocytes (89.44% ± 0.99 vs. 3.18% ± 0.66, respectively, Figure 1E). Moreover, with the dose used (see section “Materials and Methods”) and a single injection, the viral vector was able to transduce 34% of NeuN-positive neurons within the transduced area.
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FIGURE 1. Large diffusion and neuronal specificity of the AAV2/DJ-CBA-mCherry-miR30E-shUNIV vector within the S1BF area of the rat cerebral cortex. (A) Schematic representation of the viral vector construction used to target neurons. The mCherry transgene was placed under the control of a CBA promoter. The shUNIV is a non-coding sequence embedded in a miR30E sequence. (B) Confocal mosaic pictures of the mCherry signal (reporter protein) after immunolabeling of coronal brain sections taken at 20× magnification showing the diffusion of the viral vector in the cerebral cortex along the anteroposterior axis (upper panels). The first picture was taken from a section at Bregma –1.40 mm and the last one from a section at Bregma –3.14 mm. On the fourth picture, the position of the different cortical layers is indicated. Scale bar = 500 μm. The lower panels represent schemes taken from the Paxinos rat atlas (Paxinos and Watson, 1996). Each of the six schemes corresponds to the bregma level presented in the panel above. The area colored in red corresponds to S1BF, the targeted area. (C) Representative confocal pictures of the transduced area in a coronal brain section submitted to a co-immunolabeling for mCherry and the neuronal marker NeuN. The right part of the panel represents a mosaic picture (5 × 5 at 20× magnification) of the transduced area in S1BF. Scale bar = 200 μm. The left part of the panel represents a portion of the transduced area at 20× magnification. Scale bar = 100 μm. (D) Representative confocal pictures at high magnification (40×) of S1BF 3 weeks after the injection of the viral vector and submitted to a co-immunolabeling for mCherry, NeuN and GS. The white arrow indicates a typical transduced neuron. Scale bar = 50 μm. (E) Quantification of the percentage of mCherry-positive/NeuN-positive cells and mCherry-positive/GS-positive cells. Data are presented as mean ± SEM. Quantification was performed on two to six images per section, six sections per animal, from two animals. Statistical analysis was performed using a Student’s t-test. ∗∗∗p < 0.001.





Large Diffusion in the Rat S1BF Area and Astrocyte-Specific Expression of the Transgene With an AAV2/DJ Vector Containing a G1B3 Promoter

A second construct was made by replacing the CBA promoter with a modified version of the astrocytic promoter GfaABC1D (Merienne et al., 2017, Figure 2A). Three copies of the B enhancer were integrated to improve transgene expression in astrocytes [GfaABC1D(B3), hereafter called G1B3] (Merienne et al., 2017). The diffusion of this newly made AAV2/DJ-G1B3-mCherry-mir30E-shUNIV viral vector was analyzed following a single injection in the S1BF area of the rat (same stereotaxic coordinates as for the AAV2/DJ-CBA-mCherry-mir30E-shUNIV above). Three weeks after the injection, detection of the mCherry signal was made by performing immunolabeling on brain sections. Transduced cell bodies were found in a restricted part of the barrel cortex (±0.2 mm around the needle track). Transduced cell bodies were found to be mainly localized in layers V/VI of the barrel cortex (Figure 2B). Many transduced processes were also visible all around cell bodies (Figure 2C). Transduced processes were found in a larger area compared to cell bodies (±1 mm around the needle track along the anteroposterior axis). All cortical layers exhibited transduced processes. Consequently, the estimated transduced area covered half of the S1BF. Again, the cellular specificity of the vector was determined by analyzing the fluorescent signal found in the two main cell types transduced by the vector (Figure 2D). Co-localization between NeuN/mCherry and GS/mCherry was quantified. The vector preferentially and largely transduced astrocytes over neurons (76.99% ± 1.72 vs. 11.99% ± 1.29, respectively, Figure 2E). With the dose used (see section “Materials and Methods”) and a single injection, approximately 70% of GS-positive cortical astrocytes were transduced by the viral vector within the transduced area.
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FIGURE 2. Large diffusion and astrocytic specificity of the AAV2/DJ-G1B3-mCherry-miR30E-shUNIV vector within the S1BF area of the rat cerebral cortex. (A) Schematic representation of the viral vector construction used to target astrocytes. The mCherry transgene was placed under the control of a G1B3 promoter. The shUNIV is a non-coding sequence embedded in a miR30E sequence. (B) Confocal mosaic pictures of the mCherry signal (reporter protein) after immunolabeling of coronal brain sections taken at 20× magnification showing the diffusion of the viral vector in the cerebral cortex along the anteroposterior axis (upper panels). The first picture was taken at bregma –1.40 mm and the last one at Bregma –3.14 mm. On the fourth picture, the position of the different cortical layers is indicated. Scale bar = 500 μm. The lower panels represent schemes taken from the Paxinos rat atlas (Paxinos and Watson, 1996). Each of the six schemes corresponds to the bregma level presented in the panel above. The red area corresponds to S1BF, the targeted area. (C) Representative confocal pictures of the transduced area in a coronal brain section submitted to a co-immunolabeling for mCherry and the astrocytic marker GS. The left panel represents a mosaic picture (5 × 5 at 20× magnification) of the transduced area in S1BF. Scale bar = 200 μm. The right picture represents a portion of the transduced area at 20× magnification. Scale bar = 100 μm. (D) Representative confocal pictures at high magnification (40×) of S1BF 3 weeks after the injection of the viral vector and submitted to a co-immunolabeling for mCherry, NeuN and GS. The white arrow indicates a typical transduced astrocyte. Scale bar = 50 μm. (E) Quantification of the percentage of mCherry-positive/NeuN-positive cells and mCherry-positive/GS-positive cells. Data are presented as mean ± SEM. Quantification was performed on two to six images per section, six sections per animal, from two animals. Statistical analysis was performed using a Student’s t-test. ∗∗∗p < 0.001.





Efficient Downregulation of Both Neuronal MCT2 mRNA and Protein Expression in vitro as Well as in vivo Using the Same AAV2/DJ-CBA-mCherry-mir30E-shMCT2 Viral Vector

A viral vector derived from the initial AAV2/DJ-CBA vector was created in order to target MCT2 in neurons. In addition to the vector used to characterize the diffusion (used here as control), one construct was made using a shRNA sequence against MCT2 (shMCT2) embedded in mir30E sequence (Figure 3A). Then, mixed primary cultures of rat cortical neurons and astrocytes were transduced with increasing doses of each viral vector named CBA-shUNIV and CBA-shMCT2 at day 5 in vitro. After 12 days of culture, both MCT2 mRNA and protein expression levels were determined. It was found that MCT2 mRNA expression significantly decreased with CBA-shMCT2 (reaching a decrease of 62% at the highest dose), while its expression level remained constant at all doses tested when cells were transduced with CBA-shUNIV (Figure 3B). At the protein level, both the control and the targeting vectors caused an initial decrease in expression of MCT2 at MOI 2,000 although it did not reach significance and it remained constant over doses [(F[4,23] = 1.252; p = 0.3172), Figure 3C]. However, at the highest dose, the decrease in MCT2 protein expression observed with CBA-shMCT2 was more important than with the control vector and became significant compared to the non-transduced condition (F[4,24] = 5.547; p = 0.0028). This difference between the two vectors was clearly visible on Western blots (Figure 3D). At the highest dose, the downregulation with CBA-shMCT2 reached 65% compared to the non-transduced condition. Considering the high sequence homology between MCT2 and two other MCT isoforms, MCT1 and MCT4, the specificity of the downregulation was verified by quantifying both MCT1 and MCT4 expression (Figure 4). The expression levels of both MCT1 mRNA (Figure 4A) and protein (Figure 4B) were not modified with both the shUNIV-containing and the shMCT2-containing vectors, at all doses tested. Representative Western blots illustrate the unchanged MCT1 protein levels in the different conditions (Figure 4C). The expression levels of both MCT4 mRNA (Figure 4D) and protein (Figure 4E) were unaltered with shUNIV-containing and shMCT2-containing vectors at all doses tested. Representative Western blots illustrate the unchanged MCT4 protein levels between the non-transduced condition and the highest viral dose with both vectors (Figure 4F).
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FIGURE 3. Neuronal downregulation of MCT2 expression in vitro and in vivo using an AAV2/DJ-CBA-mCherry-miR30E-shMCT2 viral vector. (A) Schematic representation of the control (shUNIV) and shMCT2-containing constructs used to generate the neuron-specific AAV2/DJ-based viral vectors for MCT2 invalidation experiments. The shUNIV is a non-coding sequence embedded in a miR30E sequence. The shMCT2 sequence embedded in a miR30E sequence was designed to specifically target and downregulate rat MCT2 expression. (B–D) Impact of AAV2/DJ-CBA-shMCT2 vector on neuronal MCT2 expression in vitro. Mixed primary cultures of rat cortical neurons and astrocytes were transduced with either the shUNIV-containing or the shMCT2-contining viral vector at increasing doses. MCT2 mRNA (B) and protein (C) levels have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (D) illustrate the downregulation of MCT2 protein expression obtained at the highest viral dose with both vectors. Data are presented as mean ± SEM. N = 3. n = 6. Statistical analysis was performed using a one-way ANOVA followed by a Dunnett’s multiple comparison test for each viral condition. ∗p < 0.05 (compared to the non-transduced condition for each vector). (E–G) Impact of AAV2/DJ-CBA-shMCT2 on MCT2 expression in vivo. Rats received a bilateral single injection with either the shUNIV or the shMCT2 viral vector. MCT2 mRNA (E) and protein (F) expression have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (G) illustrate the downregulation of MCT2 protein expression with the shMCT2 viral vector vs. the shUNIV viral vector. Data are presented as mean ± SEM. N = 7. n = 2. Statistical analysis was performed using a Student’s t-test. ∗∗∗p < 0.001. MOI, multiplicity of infection.
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FIGURE 4. No significant effect of the AAV2/DJ-CBA-mCherry-miR30E-shMCT2 viral vector on MCT1 and MCT4 expression as well as on cell survival or astrogliosis. (A–C) Impact of AAV2/DJ-CBA-shMCT2 on astrocytic MCT1 expression in vitro. Mixed primary cultures of rat cortical neurons and astrocytes were transduced with either the shUNIV-containing or the shMCT2-containing viral vector at increasing doses. MCT1 mRNA (A) and protein (B) levels have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (C) illustrate the lack of effect of both vectors on MCT1 protein expression. Data are presented as mean ± SEM. N = 3. n = 6. Statistical analysis was performed using a one-way ANOVA for each viral condition. (D–F) Impact of AAV2/DJ-CBA-shMCT2 on MCT4 expression in vitro. Mixed primary cultures of neurons and astrocytes were transduced with shUNIV and shMCT2 at increasing doses. Cells were also treated with DETA-NONOate at 600 μM for 16 h to induce MCT4 expression (see section “Materials and Methods”). MCT4 mRNA (D) and protein (E) levels have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (F) illustrate the lack of effect of both vectors on MCT4 protein expression. Data are presented as mean ± SEM. N = 3. n = 6. Statistical analysis was performed using a one-way ANOVA for each viral condition. (G–I) Impact of AAV2/DJ-CBA-shMCT2 on MCT1 expression in vivo. Rats received a bilateral single injection with either the shUNIV or the shMCT2 viral vector. MCT1 mRNA (G) and protein (H) levels have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (I) illustrate the lack of effect of both vectors on MCT1 protein expression in vivo. Data are presented as mean ± SEM. N = 7. n = 2. Statistical analysis was performed using a Student’s t-test comparing shMCT2 vs. shUNIV treatment. (J–L) Impact of AAV2/DJ-CBA-shMCT2 on MCT4 expression in vivo. Rats received a bilateral single injection with either the shUNIV or the shMCT2 viral vector. MCT4 mRNA (J) and protein (K) expression have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (L) illustrate the lack of effect of both vectors on MCT4 protein expression in vivo. Data are represented as mean ± SEM. N = 7. n = 2. Statistical analysis was performed using a Student’s t-test comparing shMCT2 vs. shUNIV treatment. (M) Evaluation of neuronal and astrocytic cell death after injection of AAV2/DJ-CBA-shMCT2 in the S1BF area by measuring NeuN and GS mRNA expression. Statistical analysis was performed using a Student’s t-test comparing shMCT2 vs. shUNIV treatment. (N) Representative confocal images of immunolabeling performed against GFAP on brain coronal sections to detect astrogliosis following the injection of PBS, AAV2/DJ-CBA-shUNIV or AAV2/DJ-CBA-shMCT2 in the S1BF area. Scale bar = 50 μm. MOI, Multiplicity of infection.



The same vectors were then injected in the S1BF area of the rat brain. First, MCT2 mRNA levels were significantly decreased, by 26%, after the injection of the CBA-shMCT2 viral vector compared to the control CBA-shUNIV viral vector (Figure 3E). The downregulation at the protein level reached 54% after the injection of the CBA-shMCT2 viral vector (Figure 3F). The significant decrease of MCT2 protein expression obtained after injection of the CBA-shMCT2 viral vector was clearly visible on representative Western blots compared to the expression after treatment with the CBA-shUNIV viral vector (Figure 3G). To verify the specificity of the downregulation, expression of both MCT1 and MCT4 was quantified after the injection of either the CBA-shUNIV or the CBA-shMCT2 viral vector. No significant difference in MCT1 mRNA (Figure 4G) and protein (Figure 4H) expression was detected using each of these the two viral vectors. Representative Western blots illustrate the similar MCT1 protein levels observed with both vectors (Figure 4I). No significant difference in MCT4 mRNA (Figure 4J) and protein (Figure 4K) expression was found between the two viral vectors. Representative Western blots illustrate the lack of difference in MCT4 protein expression following the injection of the CBA-shUNIV and CBA-shMCT2 vectors (Figure 4L).

Downregulation of a protein involved in brain metabolism can cause a cellular stress and be harmful for the tissue. The presence of cell death and astrogliosis in the barrel cortex was analyzed after the injection of each viral vector in order to detect putative deleterious effects associated with the downregulation of MCT2. NeuN and GS mRNA levels were quantified to verify the absence of neuronal and astrocytic death (Figure 4M). After the injection of the CBA-shMCT2 vector, no significant difference neither in the expression of the neuronal marker (NeuN) nor in the astrocytic marker (GS) was observed compared with the injection of the control CBA-shUNIV vector. In parallel, the presence of astrogliosis was verified with GFAP staining (Figure 4N). After the injection of both viral vectors, a similar pattern of astrogliosis was observed between PBS infusion, CBA-shUNIV and CBA-shMCT2 vectors. As expected, at the site of the needle track, a strong astrogliosis occurred for both viral vectors due to mechanical damage caused by the injection itself. In non-transduced areas, no sign of astrogliosis was observed, with low expression of GFAP and astrocytes exhibiting a normal, non-hypertrophied shape. In transduced areas but away from the needle track, some reactive astrocytes (i.e., GFAP-positive and hypertrophied) were observed but with a similar occurrence for both vectors.



Efficient Downregulation of Both Astrocytic MCT4 mRNA and Protein Expression in vitro as Well as in vivo Using the Same AAV2/DJ-G1B3-mCherry-miR30E-shMCT4 Viral Vector

Based on the previously described vector to target astrocytes, two viral vectors were created in order to downregulate MCT4 expression in astrocytes. Two constructs were made in which a shRNA sequence against MCT4 (called either shMCT4.1 or shMCT4.2) embedded in a miR30E sequence was placed under the control of the G1B3 promoter while the original AAV2/DJ-G1B3-mCherry-miR30E-shUNIV viral vector was used as control (Figure 5A). Then, mixed primary cultures of rat cortical neurons and astrocytes were transduced at increasing doses of each viral vector. MCT4 mRNA expression levels decreased significantly and proportionally to the dose using the G1B3-shMCT4.2 vector but neither with the G1B3-shMCT4.1 vector nor with the control G1B3-shUNIV vector (Figure 5B). At the highest dose, the expression was decreased by 75%. The same profile of downregulation was found at the protein level (Figure 5C). Quantification revealed a decreased expression of the MCT4 protein proportional to the viral dose of G1B3-shMCT4.2 used, while no effect was observed with the G1B3-shMCT4.1 vector and the control G1B3-shUNIV vector. Representative Western blots illustrate the downregulation obtained at the highest dose, which reached 60% (Figure 5D). Considering the high sequence homology of MCT4 with MCT1 and MCT2, the downregulation specificity was verified by quantifying MCT1 and MCT2 expression after transduction with each viral vector (Figure 6). The levels of MCT1 mRNA (Figure 6A) and protein (Figure 6B) were not significantly modified at any dose of either G1B3-shUNIV, G1B3-shMCT4.1 or G1B3-shMCT4.2. Representative Western blots illustrate the absence of change in MCT1 protein expression at the highest dose of all vectors compared to no transduction (Figure 6C). In parallel, the levels of MCT2 mRNA (Figure 6D) and protein (Figure 6E) were unchanged for any tested dose of each viral vector. Representative Western blots illustrate the absence of modification of MCT2 protein expression with either G1B3-shUNIV, G1B3-shMCT4.1, or G1B3-shMCT4.2 at the highest dose (Figure 6F).
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FIGURE 5. Astrocytic downregulation of MCT4 expression in vitro and in vivo using AAV2/DJ-G1B3-mCherry-miR30E-shMCT4 viral vectors. (A) Schematic representation of the control (shUNIV) and two shMCT4-containing constructs used to generate the astrocyte-specific AAV2/DJ-based viral vectors for MCT4 invalidation experiments. The shUNIV is a non-coding sequence embedded in a miR30E sequence. The two shMCT4 embedded in a miR30E sequence were designed to specifically target and downregulate rat MCT4 expression. (B–D) Impact of AAV2/DJ-G1B3-shMCT4 vectors on astrocytic MCT4 expression in vitro. Mixed primary cultures of rat cortical neurons and astrocytes were transduced with either the shUNIV-containing, the shMCT4.1-containing or the shMCT4.2-containing vectors at increasing doses. Cells were treated with DETA-NONOate at 600 μM for 16 h to induce MCT4 expression (see section “Materials and Methods”). MCT4 mRNA (B) and protein (C) expression have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (D) illustrate the downregulation of MCT4 protein expression obtained with the shMCT4.2-containing vector vs. the shUNIV-containing and shMCT4.1 vectors. Data are presented as mean ± SEM. N = 3. n = 6. Statistical analysis was performed using a one-way ANOVA followed by a Dunnett’s multiple comparison test for each viral condition. ∗p < 0.05 (compared to the non-transduced condition for each vector). (E–G) Impact of AAV2/DJ-G1B3-shMCT4 on MCT4 expression in vivo. Rats received a single injection in each S1BF area with either shUNIV-containing or shMCT4.2-containing (called shMCT4) viral vector at a single dose. MCT4 mRNA (E) and protein (F) levels have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (G) illustrate the downregulation of MCT4 protein expression with the shMCT4 viral vector vs. the shUNIV viral vector. Data are presented as mean ± SEM. N = 7. n = 2. Statistical analysis was performed using a Student’s t-test. ∗p < 0.05; ∗∗p < 0.01. MOI, Multiplicity of infection.
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FIGURE 6. No significant effect of the AAV2/DJ-G1B3-mCherry-miR30E-shMCT4.1 and the AAV2/DJ-G1B3-mCherry-miR30E-shMCT4.2 viral vectors on MCT1 and MCT2 expression as well as on cell survival or astrogliosis. (A–C) Impact of AAV2/DJ-G1B3-shMCT4.1 and AAV2/DJ-G1B3-shMCT4.2 on astrocytic MCT1 expression in vitro. Mixed primary cultures of rat cortical neurons and astrocytes were transduced with either the shUNIV-containing, the shMCT4.1-containing or the shMCT4.2-containing viral vector at increasing doses. MCT1 mRNA (A) and protein (B) expression have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (C) illustrate the lack of effect of the three vectors on astrocytic MCT1 protein expression. Data are presented as mean ± SEM. N = 3. n = 6. Statistical analysis was performed using a one-way ANOVA for each viral condition. (D–F) Impact of AAV2/DJ-G1B3-shMCT4.1 and AAV2/DJ-G1B3-shMCT4.2 on MCT1 expression in vitro. Mixed primary cultures of rat cortical neurons and astrocytes were transduced with either the shUNIV-containing, the shMCT4.1-containing or the shMCT4.2-containing viral vector at increasing doses. MCT2 mRNA (D) and protein (E) levels have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (F) illustrate the lack of effect of the three vectors on neuronal MCT2 protein expression. Data are presented as mean ± SEM. N = 3. n = 6. Statistical analysis was performed using a one-way ANOVA for each viral condition. (G–I) Impact of AAV2/DJ-G1B3-shMCT4.2 on MCT1 expression in vivo. Rats received a single injection in each S1BF area with either the shUNIV-containing or the shMCT4.2-containing viral vector at a single dose. MCT1 mRNA (G) and protein (H) expression have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (I) illustrate the lack of effect of both vectors on MCT1 protein expression in vivo. Data are presented as mean ± SEM. N = 7. n = 2. Statistical analysis was performed using a Student’s t-test comparing shMCT4.2 vs. shUNIV treatment. (J–L) Impact of AAV2/DJ-G1B3-shMCT4.2 on MCT2 expression in vivo. Rats received a bilateral single injection with either the shUNIV-containing or the shMCT4.2-containing viral vector. MCT2 mRNA (J) and protein (K) expression have been determined by RT-qPCR and Western blot, respectively. Representative Western blots (L) illustrate the lack of effect of both vectors on MCT2 protein expression in vivo. Data are presented as mean ± SEM. N = 7. n = 2. Statistical analysis was performed using a Student’s t-test comparing treatments. (M) Evaluation of neuronal and astrocyte cell death after injection of AAV2/DJ-G1B3-shMCT4.2 in the S1BF area by measuring NeuN and GS mRNA expression. Statistical analysis was performed using a Student’s t-test comparing shMCT4.2 vs. shUNIV treatment. (N) Representative confocal images of immunolabeling performed against GFAP on brain coronal sections to detect astrogliosis following the injection of PBS, AAV2/DJ-G1B3-shUNIV or AAV2/DJ-G1B3-shMCT4.2 in the S1BF area. Scale bar = 50 μm. MOI, Multiplicity of infection.



The control vector (G1B3-shUNIV) and the shMCT4-containing vector showing in vitro efficiency in downregulating MCT4 (G1B3-shMCT4.2) were then injected at a single site in the S1BF area of the rat brain (same stereotaxic coordinates as previously indicated). It was found that MCT4 mRNA expression was significantly decreased, by 34%, after the injection of the G1B3-shMCT4.2 vector compared to the shUNIV-containing control vector (Figure 5E). Downregulation of the MCT4 protein reached 67% after the injection of the G1B3-shMCT4.2 vector compared to the shUNIV-containing control (Figure 5F). Representative Western blots illustrate the significant decrease of MCT4 protein expression obtained in the S1BF area of the rat brain (Figure 5G). To verify the specificity of the downregulation obtained in vivo, MCT1 and MCT2 expression levels were also quantified after the injection of the G1B3-shMCT4.2 viral vector in the S1BF area. The levels of MCT1 mRNA (Figure 6G) and protein (Figure 6H) were not significantly different between the two viral vectors. Representative Western blots illustrate the absence of modification of MCT1 protein levels between both vectors (Figure 6I). Concerning MCT2, it’s mRNA (Figure 6J) and protein (Figure 6K) expression did not differ between G1B3-shMCT4.2 and G1B3-shUNIV vectors. Representative Western blots illustrate this lack of difference in MCT2 protein expression between the two vectors (Figure 6L).

Cell death and astrogliosis in the S1BF area were analyzed after the injection of either the G1B3-shMCT4.2 or the control G1B3-shUNIV viral vector. NeuN and GS mRNA levels were quantified to verify the absence of neuronal and astrocytic death, respectively (Figure 6M). No sign of neuronal death, as indicated by equivalent NeuN mRNA levels, or astrocytic death, indicated by equivalent GS mRNA levels, was observed when comparing the effect of both vectors. The presence of astrogliosis was evaluated using GFAP immunolabeling on coronal sections of the brain (Figure 6N). A similar pattern of astrogliosis was observed between PBS infusion, G1B3-shUNIV, and G1B3-shMCT4 vectors. In non-transduced areas, no astrogliosis was observed with low expression of GFAP and normal astrocytic shape. In transduced areas but away from the needle track, some reactive astrocytes were observed but their number did not differ between the two conditions. As expected at the site of the needle track, a strong astrogliosis occurred but to a similar extent for both viral vectors due to mechanical damage caused by the injection.




DISCUSSION

The initial goal of this study was to develop viral vectors to alternatively target two cell types by using the same capsid while modifying only the promoter of the construct. The two cell types chosen as targets were rat cortical neurons and astrocytes. Usually, viral vectors derived from either lenti- or adeno-associated viruses exhibit a preferential tropism toward either neurons or astrocytes (Wu et al., 2006; Aschauer et al., 2013). The AAV6 has already been used to selectively transduce astrocytes both in vitro and in vivo (Schober et al., 2016). However, in this study the authors used another serotype to target neurons (AAV2). Because our goal was to alternatively target a specific cell type with the same serotype, we selected the AAV2/DJ viral capsid as it was shown to efficiently transduce different cell types and cell lines (Grimm et al., 2008). Concerning the promoters, it was previously shown that the CBA promoter exhibits a neuronal specificity for expression in the brain (Burger et al., 2004; von Jonquieres et al., 2013; Meunier et al., 2016). We showed here that, in combination with an AAV2/DJ backbone, it conserved its neuronal specificity both in vitro and in vivo. The astrocytic promoter G1B3 has been shown to confer astrocyte specificity of expression in the mouse striatum (Merienne et al., 2017). Indeed, in combination with the AAV2/5, it was found to drive the expression of a transgene predominantly in astrocytes in vivo. The possibility to use the same viral vector to target two different cell types of the same tissue both in vitro and in vivo presents several advantages. Up to now, the use of AAV-based vectors prevented this possibility since the efficiency of infection of most AAV serotypes in vitro was very low (Ellis et al., 2013). It is not the case with the AAV2/DJ that permitted a significant transduction of primary cultures of both rat cortical neurons and astrocytes. It was thus possible to test in vitro the efficiency of our selected shRNA sequences in downregulating the expression of the target mRNAs and proteins prior to use them in vivo. Moreover, this approach allows to reduce the number of animals needed to assess the usefulness of such newly developed molecular tools, respecting the 3R principles (MacArthur Clarke, 2018).

In addition to their efficiency in vitro, the AAV2/DJ-based viral vectors were capable to efficiently transduce both neurons and astrocytes in vivo as demonstrated in the rat somatosensory cortex. Despite this convincing demonstration in the somatosensory cortex, it remains to be examined whether this efficiency could vary in different brain regions as previously reported for other AAV serotypes (Aschauer et al., 2013). In addition, it might be interesting to verify if this approach could be extended to other brain cell types such as oligodendrocytes or microglial cells. Although specific promoters for each of these cell types have already been identified (Goldmann et al., 2013; Georgiou et al., 2017), few AAV-based vectors have been developed to target them both in vitro and in vivo. Oligodendrocytes could be transduced in vivo with an AAV-based vector but it was not tested in vitro (von Jonquieres et al., 2013). The transduction of microglial cells in vitro has been reported using a modified AAV6 capsid and microglial-specific promoters but the transduction was low in vivo (Rosario et al., 2016). The use of the AAV2/DJ might be of interest to successfully transduce microglia and oligodendrocytes both in vitro and in vivo. Another important aspect concerns the capacity of viral vectors to diffuse over a large tissue area. Indeed, we found that AAV2/DJ-based viral vectors exhibited an important spreading capacity, sufficient to cover an area representing more than half of the entire barrel cortex with a single injection. Moreover, AAV2/DJ-based viral vectors efficiently diffused not only laterally but also throughout the cortical thickness, reaching all six cortical layers. This is also an appreciable feature since it is possible to avoid making several injections at different locations to cover the targeted area, reducing the degree of potential damage to the tissue. Interestingly, a difference in the diffusion pattern of the fluorescent signal between CBA-based and G1B3-based vectors was observed. It was recently shown that astrocytes were poorly covered by 2D imaging. Less than 10% of their true volume seemed to be covered by 2D imaging (Bindocci et al., 2017). Indeed, the soma represents only 25% of the total astrocytic volume. The diameter of a process being fine and processes being sparse, a large proportion of the processes are not captured in the focal plan. Moreover, even with the best confocal microscope, processes, and endfeet cannot be clearly seen because of resolution limitations. So, the total volume of astrocytic transduction might be underestimated although the percentage of transduced astrocytes would likely remain the same. Despite these caveats, it seems that both viral vector types based on AAV2/DJ to target alternatively neurons and astrocytes allow to express a transgene in a predominantly cell-specific manner and with a large diffusion within a brain cortical region of interest.

These new tools might be particularly useful to investigate a physiologically relevant question requiring to target the same protein or two closely related proteins in two distinct brain cell types. This is the case for two isoforms of the MCT protein family: MCT2 and MCT4. MCT2 is specifically expressed in neurons while MCT4 is exclusively expressed by astrocytes in the cortex (Pierre and Pellerin, 2005). Both transporters have been implicated in a mechanism of lactate transfer between the two cell types to ensure an adequate energy substrate supply to neurons as a function of brain activity (Pellerin and Magistretti, 2012). In order to get further insight about the role of these transporters in this mechanism, it became necessary to develop efficient and specific viral vectors to downregulate the expression of those two isoforms in rat, because working with rats rather than mice represent an advantage in certain circumstances (e.g., perform brain imaging). Using the same AAV serotype in vitro and in vivo, we show here that a significant and specific decrease in expression could be obtained for both MCT2 and MCT4. A variance of distribution is observed for the mRNA and protein quantifications. It can be explained by several reasons. First, for the in vitro results, the graphs summarize quantifications from several primary cultures. Even if the basal level of each mRNA/protein could differ between cultures, the degree of down regulation after transduction is the same in every culture. Then, even if the same number of cells is plated, the same dose of viral vector is given (in vitro as in vitro), leading to a certain unavoidable variability. Moreover, this downregulation was specific of the targeted isoform, since the expression of other isoforms remained unchanged. Because of technical issues related to the sampled area of tissue that cannot be limited to the transduced area and the number of infected cells that is not 100%, the degree of downregulation is underestimated in vivo. The use of cell sorting to isolate only transduced cells would be required to have a more precise assessment of the downregulation. Nevertheless, a significant downregulation of MCT2 and MCT4 using AAV-based viral vectors could be evidenced directly from large punches of tissue. It represents an improvement over the previous use of a classical shRNA sequence in a lentiviral vector that led to a slight decrease of the expression of MCT2 in a small fraction of cortical neurons only detectable by immunocytochemistry at the protein level (Mazuel et al., 2017). Considering that, despite the smaller decrease in MCT2 protein expression detected previously, functional effects (notably on the BOLD fMRI response during whisker stimulation) were evidenced with the lentiviral-based vector (Mazuel et al., 2017), it is likely that the new AAV-based vectors should provide more efficient tools to explore the importance of MCTs in specific brain functions.

Apart from their higher degree of transduction efficiency, and considering the high sequence homology between the different MCTs (Halestrap, 2013), the cell specificity of each AAV-based viral vector for each MCT in each cell type is another advantage. Indeed, the use of a miR30 backbone and cell-specific promoters proved to be sufficient to obtain such a specificity.

Another important issue was the possible toxicity of the AAV-based vectors. Indeed, at high doses, viral vectors can cause cell death (Colella et al., 2018; Hinderer et al., 2018). Moreover, strong and uncontrolled shRNA expression could contribute to toxicity. Although cultured astrocytes showed no sign of toxicity for the range of doses tested, we noticed that low doses of AAV2/DJ-based viral vectors caused a partial decrease of MCT2 protein expression that does not seem related to cell death of cultured neurons (since actin expression remained constant between conditions). This effect was not dose-dependent over the range of doses tested and was independent of the transgene. Although the precise reason for this effect is uncertain, primary cultures of neurons are notoriously known to be sensitive to various stressors (Fricker et al., 2018). For example, it was shown that B27-supplement deprivation of cultured cortical neurons leads to partial neuronal cell death (Alvarez-Flores et al., 2019). Cultured neurons might also be particularly sensitive to mCherry overexpression, independently of the serotype. Indeed, expression of the fluorescent reporter protein GFP has been reported to cause toxicity (Liu et al., 1999) and even neuronal death (Detrait et al., 2002). The doses that we used are considered as classical for in vitro transduction (Gong et al., 2004; Shevtsova et al., 2004) but cultured neurons seem to be particularly sensitive to viral vector transduction as they modify their transcriptome (Préhaud et al., 2005) or die by apoptosis (Howard et al., 2008). In our case, it seems that neurons reacted to viral transduction by modifying their proteome and decreasing MCT2. This could reflect a modification of their metabolism. Nevertheless, it was still possible in cultured neurons to unravel a significant downregulating effect of the transgene at the highest viral vector dose used. The use of a miR30E backbone for the shRNA sequence may have contributed to the absence of cell death. Indeed, it was shown that the addition of this backbone allows the cell to process the shRNA sequence through the endogenous miR30 pathways, which decreases toxicity (Boudreau et al., 2009). Consequently, it can be concluded that the observed decrease in MCT2/MCT4 expression in vivo is entirely due to the specific action of the shRNA sequence on the targeted mRNA.

In parallel, the reactive state of the astrocytes in the transduced area was also verified. Indeed, astrogliosis is a protective mechanism of the brain in case of CNS injuries (Sofroniew, 2015). This natural process can become deleterious when the injury or the inflammation is too high. In addition, an uncontrolled astrogliosis can alter the function of neighboring cells. An important astrogliosis just around the needle track was observed while a moderate to low astrogliosis was found in the transduced area. The astrogliosis around the needle track is essentially due to the mechanical damages caused by the needle and the liquid flow. The same degree of astrogliosis was found between PBS and the different viral vectors, highlighting the mechanical cause of this astrogliosis. In the transduced area, it could not be excluded that astrogliosis could contribute to counterbalance the downregulation of MCT4 observed with the shMCT4, thus partly masking the effective degree of MCT4 downregulation. Indeed, it was previously shown that reactive astrocytes become more glycolytic (Iglesias et al., 2017) and thus could express more MCT4, as it was shown for astrocytes in vitro submitted to hypoxia (Rosafio and Pellerin, 2014) or in vivo after ischemia (Rosafio et al., 2016).

In conclusion, unique viral tools have been successfully created that largely diffuse in the somatosensory cortex and that can specifically target neurons or astrocytes depending on the promoter used. Moreover, associated to a miR30E-shRNA strategy, an isoform-specific downregulation could be obtained with no sign of toxicity in vivo. In the present study, these tools have been used to target two isoforms of the MCT family, MCT2, and MCT4. Such tools will be particularly useful to study the precise role of MCTs in brain energy metabolism and brain functions in vivo, especially for aspects for which invalidation in rats represents an advantage over the use of transgenic mice. Until now, several studies have been conducted using pharmacological antagonists (Dimmer et al., 2000; Colen et al., 2006). To inhibit MCTs, CHC [2-Cyano-3-(4-hydroxyphenyl)-2-propenoic acid] has been widely used. However, CHC also targets other proteins such as the mitochondrial pyruvate carrier (Gray et al., 2015). To circumvent this problem, RNA interference has been used in the past (Maekawa et al., 2008; Suzuki et al., 2011), and later it was associated with a viral vector approach for an in vivo use. Recently, functional effects of the downregulation of MCT2 in vivo were detected using a lentiviral approach targeting MCT2 (Mazuel et al., 2017). However, the extent of the downregulation was limited and might preclude more complex investigations such as behavioral studies. Our new AAV-based viral vectors will not only allow to overcome these caveats but they could also be used in the future to target other proteins of interest in the central nervous system requiring a similar strategy.
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RPE65-associated Leber congenital amaurosis (LCA) is one of highly heterogeneous, early onset, severe retinal dystrophies with at least 130 gene mutation sites identified. Their pathogenicity has not been directly clarified due to lack of diseased cells. Here, we generated human-induced pluripotent stem cells (hiPSCs) from one putative LCA patient carrying two novel RPE65 mutations with c.200T>G (p.L67R) and c.430T>C (p.Y144H), named RPE65-hiPSCs, which were confirmed to contain the same mutations. The RPE65-hiPSCs presented typical morphological features with normal karyotype, expressed pluripotency markers, and developed teratoma in NOD-SCID mice. Moreover, the patient hiPSCs were able to differentiate toward retinal lineage fate and self-form retinal organoids with layered neural retina. All major retinal cell types including photoreceptor and retinal pigment epithelium (RPE) cells were also acquired overtime. Compared to healthy control, RPE cells from patient iPSCs had lower expression of RPE65, but similar phagocytic activity and VEGF secretion level. This study provided the valuable patient specific, disease targeted retinal organoids containing photoreceptor and RPE cells, which would facilitate the study of personalized pathogenic mechanisms of disease, drug screening, and cell replacement therapy.
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INTRODUCTION

Leber’s congenital amaurosis (LCA) is a group of recessively inherited retinal dystrophies (IRDs) with severe visual impairment, accounts for >5% of all retinal dystrophy and 20% of legal blindness in school-age children. The disease is characterized by vision loss from birth or the first few months of life verified by electroretinogram (ERG) recording with markedly reduced or undetectable rod and cone response, nystagmus, poor pupil light reflex, and variable fundus changes from normal retinal appearance to severe pigmentary degeneration. The estimated prevalence is 2–3 per 100,000 people worldwide (Koenekoop, 2004; Coussa et al., 2017). To date, at least 20 mutation genes such as CEP290, GUCY2D, CRB1, and RPE65 have been identified in patients with LCA. These genes were proved to express in photoreceptors or retinal pigment epithelium (RPE) cells of retina, and involved in disparate functional pathways including photoreceptor morphogenesis, visual phototransduction, and visual cycle (Wang et al., 2015; Jacobson et al., 2016; Kumaran et al., 2017).

RPE65 is a 65 kDa isomer hydrolase synthesized in RPE cells. It catalyzes isomerization of all-trans retinyl esters into the chromophore 11-cis retinol which is transported into photoreceptors to participate in visual phototransduction (Jin et al., 2005). This process is also called retinoid cycle or visual cycle. Mutations in this gene not only disrupt this functional visual cycle, but also lead to structural degeneration of outer neural retina (NR) and RPE over time, causing irreversible blindness, including LCA, retinal pigmentosa (RP), or cone-rod dystrophies (CORDs) (Bereta et al., 2008). Comprehensive genotyping identified RPE65 as one of the most prevalent mutated genes in LCA patients, accounting for approximately 3–16% of all LCA cases with the highest in the Caucasian and India population. Although many variants in this gene have been documented, their pathogenicity have not been directly clarified partly due to lack of human in vitro disease models (Astuti et al., 2016; Bernardis et al., 2016).

So far, there is no cure for IRDs including LCA. With the advancement of gene and stem cell technology, both gene and cell therapy have been regarded as emerging, promising therapeutics for this kind of diseases (Wiley et al., 2015; Dalkara et al., 2016). RPE65 gene therapy completed phase 3 clinical trial by Russell et al. (2017), and got approved firstly by FDA for the treatment of RPE65-mediated IRD in the United States (Bainbridge et al., 2008). Although treatment effects have been observed with improved light sensitivity and mobility after subretinal administration of AAV-RPE65 gene complex in both animal models with RPE65 mutations and RPE65-LCA patients, the improved visual function started declining 3 years after treatment and this gene therapy approach could not prevent progress of retinal degeneration with photoreceptor apoptosis, which eventually leads to retinal cell loss including RPE cells and photoreceptors. In addition, having sufficient viable retinal cells has become a prerequisite for successful gene therapy in patients with RPE65 mutations and in other retinal degenerative conditions (Dalkara et al., 2016). Therefore, cell therapy would be in demand alone or combined with gene therapy for replacing the lost or diseased retinal cells to recover the visual function and retinal structures simultaneously, especially in advanced retinal degenerative conditions.

Ten years ago, human induced pluripotent stem cells (hiPSCs) were reprogrammed from human somatic cells with Yamanaka’s four transcription factors (Takahashi et al., 2007). This technology provides opportunities for study and treatment of degenerative diseases in a subject-personalized manner since hiPSCs have capacity to differentiate into almost all body cells including retinal cells (Meyer et al., 2009; Zhong et al., 2014). More importantly, human iPSCs can be directed step by step into three-dimensional (3D), laminated retinal organoids containing all major retinal cells located in proper layers with photoreceptors achieving quite high degree of maturation, resembling human retinal development in vivo (Reichman et al., 2014; Zhong et al., 2014; Li et al., 2018). The iPSC-3D retinal organoid induction approach provides not only unlimited cell source for retinal cell replacement therapy, but also a powerful platform for disease modeling, drug screening, and even preclinical testing of gene therapy for IRD.

In this study, we established LCA patient-specific iPSC lines with two mutations c.200T>G (p.L67R) and c.430T>C (p.Y144H) in RPE65, reprogrammed from urine epithelium cells. Under retinal differentiation conditions, the patient-specific iPSCs were able to differentiate into retinal organoids with laminated NR and RPE cells. Their cellular and molecular features were similar to those differentiated from control hiPSCs. However, compared with healthy control, the RPE65 expression level was decreased in patient RPE cells while phagocytosis and VEGF secretion activity were equivalent. The patient-specific retinal tissues might serve as a valuable source or disease model for personalized study and treatment.



MATERIALS AND METHODS


Case Patient

A LCA patient was diagnosed by clinical standards with compound heterozygotes RPE65 gene mutations (c. [200T>G], p. L67R; c. [430T>C], p. Y144H) as reported by Chen et al. (2013). This study was approved by the ethics committee of the Zhongshan Ophthalmic Center of Sun Yat-sen University and was conducted in accordance with the Declaration of Helsinki. The patient agreed to take part in this experiment and signed informed consent. The clinical features and genotype of this patient have been identified before (Chen et al., 2013).



Urine Collection and Cell Expansion From a Patient With RPE65-LCA

Collection and expansion of urine cells (UCs) was performed as described previously (Zhou et al., 2011). Briefly, the mid-stream urine (100–200 ml) was collected into sterile containers from the RPE65-LCA patient. The urine samples were centrifuged at 400 × g for 10 min. Cell pellet was washed with PBS containing amphotericin B and 100 U/ml penicillin/streptomycin and resuspended in 2 ml of primary medium consisting of DMEM/Ham’s F-12 nutrient mix (1:1) (Thermo Fisher Scientific, Waltham, MA, United States), 10% of fetal bovine serum (FBS) (Natocor, Villa Carlos Paz, Cordoba, Argentina), renal epithelial cell growth medium (REGM) SingleQuot kit supplement (Lonza, Basel, Switzerland), amphotericin B, and 100 U/ml of penicillin/streptomycin. The cells were seeded into a 12-well plate coated with 0.1% gelatin and switched to REGM (Bullet Kit, Lonza, Basel, Switzerland) 4 days later. Adherent cells/colonies appeared after 3–6 days, passaged by TrypLE express (Life Technologies, Inc., Grand Island, NY, United States) when cell density reached 80–90% confluence.



Urine Cell Reprogramming and hiPSCs Culture

The method used to reprogram UCs into human iPSCs was described previously (Xue et al., 2013) with slightly modifications. In short, 1 × 106 UCs of passage 2 were electroporated with 6 μg OriP/EBNA1-based episomal plasmid pEP4EO2SET2K (contains OCT4, SOX2, SV40LT, and KLF4) and 4 μg pCEP4-miR-302-367 cluster (contains miR-302b, c, a, d, and miR-367) by Electroporation System (Lonza, Program T-020, Basel, Switzerland). Transfected cells were plated onto Matrigel-coated six-well plates and cultured in REGM. During D2–D16, induced medium mTeSR1 (Stem Cell Technologies, Vancouver, BC, Canada) containing 0.5 μM A-83-01 (SML0788, Sigma), 3 μM CHIR99021 (S1263, Selleck), 0.5 μM Tzv (S1459, Selleck), and 0.5 μM PD0325901 (S1036, Selleck) was changed every other day. The identifiable hiPSCs colonies with clear boundary were manually picked up during 16–21 days, and cultured in mTeSR1 on Matrigel-coated surface. Cells were passaged at ∼80% confluence with 0.5 mM EDTA (Invitrogen) from passage 2. Healthy control hiPSCs lines UE022 and UE017 were gifts from Professor GP (Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences).



Retinal Differentiation and 3D Retinal Organoids Culture

Retinal differentiation with RPE65-hiPSCs was performed with published protocols with a slight modification (Zhong et al., 2014; Li et al., 2018). Briefly, on Day 0 (D0), hiPSCs were digested into small clumps and cultured in suspension with mTeSR1 and 10 μM Blebbistatin (Sigma-Aldrich) to form embryoid bodies (EBs). Neural induction medium (NIM) containing DMEM/F12 (1:1), 1% N2 supplement (Invitrogen), 1% non-essential amino acids (NEAA), 2 μg/ml heparin (Sigma-Aldrich) was used and changed with a 3:1 ratio of mTeSR1/NIM on D1, 1:1 on D2, and 100% NIM on D3. EBs were plated on Matrigel-coated dishes containing NIM on D5–D7. On D16, the culture medium was changed to retinal differentiation medium (RDM) [DMEM/F12 (3:1) supplemented with 2% B27 (without vitamin A, Invitrogen), 1% NEAA, and 1% antibiotic–antimycotic]. In 4–6 weeks after differentiation, horseshoe-shaped NR domains along with the surrounding RPE cells were manually detached with a sharpened Tungsten needle and subject to suspension culture for the formation of retinal organoids. For long-term culture, the organoids were switched to retinal culture medium (RCM) containing RDM, 10% FBS, 100 μM Taurine (Sigma-Aldrich), and 2 mM GlutaMAX in 1 week after detachment. Since Week (W) 13 and onward, B27 in RCM was replaced with N2. Medium was changed every 2–3 days.



Isolation and Culture of RPE Cells

After NR domains were picked out, most RPE cells were left behind and kept growing for about 1 month, and then detached from the adherent surface, digested into single cells with TrypLE Express (Life Technologies, CA, United States) for 5–10 min in a 37°C incubator. The individualized RPE cells were plated on Matrigel-coated plates containing RCM, and passaged once reaching ∼90% confluence. To promote maturation, the confluent RPE cells on D7 after passage were switched to RDM again. The control RPE derived from healthy hiPSCs line UE022 were cultured in the similar manner as described above.



Immunocytochemistry

Cells growing on coverslips were fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich) for 5–10 min. Retinal organoids were fixed in 4% PFA for 30 min and dehydrated in gradient sucrose solutions 6%, 12.5%, 25% in turn. Tissue embedding, sectioning, and immunohistochemistry were performed as previously described (Zhong et al., 2014; Li et al., 2018). Briefly, cells or sections were permeabilized and blocked with 0.25% Triton X-100 and 10% donkey serum for 1 h at room temperature, then incubated with primary antibodies at 4°C overnight and incubated with the corresponding secondary antibodies with either Alexa Fluor 488 or 555 (Life Technologies, CA, United States) for 1 h at room temperature. DAPI (Sigma-Aldrich) was used to counterstain nuclei. Sections stained with the corresponding secondary antibody alone were used as negative controls. Fluorescence images were acquired with an LSM 510 confocal microscope (Zeiss, Jena, Germany). Both primary and secondary antibodies used are listed in Table 1.

TABLE 1. List of antibodies used for immunofluorescence staining.
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Reverse Transcription – PCR and qRT-PCR

Total RNA was extracted using Trizol (Invitrogen), and complementary DNA (cDNA) was synthesized from 500 ng of total mRNA using Prime ScriptTM RT Master Mix (Takara Bio, Tokyo, Japan). PCR cycle program was: 95°C for 2 min, 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and final step was 72°C for 8 min. Subsequent PCR products were run on 2% agarose gels for 30 min. RT-PCR was performed with the primers listed in Table 2.

TABLE 2. Primer list.
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Quantitative real-time PCR (qRT-PCR) was performed using AB Applied Biosystems (step one plus). Reactions were performed in triplicate, and Ct values were calculated using the 2–Δ Δ Ct method. D5 EBs were used as reference. The expression levels of target genes were normalized to that of internal control gene GAPDH. Primer sequences are listed in Table 2.



Alkaline Phosphatase Staining

RPE65-hiPSCs were stained according to the AKP staining kit instructions (D001-2, Nanjing Jiancheng Bioengineering Institute, China).



Karyotype Analysis

G-band staining of chromosomes was used for karyotype analysis. RPE65-hiPSCs were grown on Matrigel-coated six-well plates until reaching 70% confluence. Colchicine was added to a final concentration of 0.2 μg/ml for 2 h. Then, RPE65-hiPSCs were digested with 0.5 mM EDTA solution for 5 min, collected and centrifuged at 1000 rpm for 5 min. Cell pellets were resuspended in 8 ml of 0.075 M KCl solution, incubated for 20 min at 37°C, and then fixed with 3:1 mixture of methanol/acid acetic solution for 10 min at 37°C. After further centrifugation, the supernatant was removed, and 10 ml ice-cold fixative solution was added. Cells were dropped on a cold slide, incubated at 80°C for 2 h, trypsinized, and then stained with Giemsa. Metaphase status was observed under an Olympus BX51 Microscope and analyzed with Ikaros Karyotyping System (MetaSystems).



Sanger Sequencing

RPE65 gene mutations in hiPSCs from the patient were verified by Sanger sequencing. The genomic DNA was extracted using a DNA Midi Kit (Qiagen, Valencia, CA, United States) according to the manufacturer‘s protocol.



Modeling of RPE65 Structure With Mutations

The sequence of human RPE65 was obtained from UniProt1. The Crystal structure of bos taurus RPE65 (Protein Data Bank ID: 4RYZ) that displays 62% sequence similarity with the human protein was chosen as a template. The 3D homology model of human RPE65 was constructed using Swiss-Model (Biasini et al., 2014), and then optimized and mutated with FoldX 5.0 (Schymkowitz et al., 2005). Hydrogen bond and electrostatic potential analysis were done using VMD 1.9.3 (Humphrey et al., 1996) and PDB2PQR 2.1.1 (Dolinsky et al., 2004), respectively.



Teratoma Formation Assay

For teratoma formation, 1–2 × 106 hiPSCs with 30% Matrigel were injected intramuscularly into the hind limb of 6-week-old immunocompromised NOD-SCID mice. Animals were monitored each week and teratomas were dissected at W8–W10 after transplantation. The teratoma tissues were fixed in formalin, embedded in paraffin, and sectioned and stained with Hematoxylin and Eosin (HE). Images were taken with a Nikon microscope.



Phagocytosis Assay

The phagocytosis assay was performed with procedures reported (Liu et al., 2018). In short, the photoreceptor outer segments (POSs) were collected from swine retina, labeled with CM-Dil (Invitrogen, CA, United States) following the instructions. Pigmented RPE cells differentiated from both patient and control iPSCs were cultured in RDM for 10 weeks after passage, and then treated with the CM-DiI labeled POS at 37°C or 4°C for 12 h. Afterward, RPE cells were washed with PBS thoroughly, fixed by 4% PFA for 5 min, and immunostained with ZO-1, a tight junction marker, to further determine the POS internalization. Z-stack images were taken with a Zeiss LSM 880 confocal microscope (Carl Zeiss Meditec, Inc.). For quantitative analysis, POS with a minimum diameter of 0.5 μm was counted using image J software, and five random fields of view (40×) were photographed per group. Three independent experiments were conducted.



Enzyme-Linked Immunosorbent Assay

Monolayered RPE cells, grown on Matrigel-coated 24-well plates for 10 weeks, were used to evaluate VEGF secretion. After PBS washing, the cells were cultured in 500 μl DMEM-basic for 24 h, then the media were collected and centrifuged at 300 × g for 5 min. Total secreted VEGF in culture medium was assayed using a human VEGF Enzyme-Linked Immunosorbent Assay (ELISA) kit (QuantiCyto, China) following the manufacturer’s instructions. The RPE cells in each well after medium collection were digested into single cells, and then counted. The VEGF amounts secreted by 1 × 106 RPE cells per well were used to compare between the patient and control groups.



Statistical Analysis

All the results are presented as the mean ± SD. Comparisons between two groups were analyzed using a two-tailed Student’s t-test. P < 0.05 was considered statistically significant.




RESULTS


Reprogram RPE65-Patient Urine Cells Into iPSCs

To non-invasively acquire somatic cells for reprogramming, we collected 100 ml middle stream of the micturition from one 9-year old RPE65-LCA patient, from which UCs were isolated and cultured as described previously (Xue et al., 2013; Supplementary Figure S1A). The obtained UCs were mixed with type 1 and 2 cells. The type 1 cells were rounded and grew closely in colonies while the type 2 were elongated and grew sparsely or surrounding type 1 cells (Supplementary Figure S1B). They had high proliferative capacity and could expand for more than 5 passages. As assessed by immunofluorescence staining, these cells expressed UC-specific proteins E-cadherin, CD44, and the intermediate filament keratin 7 (KRT7) (Supplementary Figure S1C). The morphological and molecular features of UCs from the RPE65-LCA patient were similar to those from healthy individuals reported previously (Zhou et al., 2011).

To obtain non-integrating hiPSCs, we transfected OSTK factors (OCT4, SOX2, SV40T, and KLF4) along with miR-302-367 cluster expressing episomal plasmids into UCs through electroporation manner (Figure 1A). The transfected UCs cultured on Matrigel-coated dishes appeared a few of clonal cell clusters in 10 days, which became larger in size over time (Figure 1B and Supplementary Figure S3A). In 3 weeks after transfection, many flat and tightly packed colonies with clear boundary presented. AP staining showed that this type of colonies was positive (Figure 1C). To efficiently purify these good colonies, we manually picked small pitches from primary colonies one by one and plated them on Matrigel-coated 24-well plates, respectively, containing mTeSR1. With this method, the selected pitches grew and showed highly homogeneous and flat morphology with a sharp edge without obvious differentiation after only one or two round selection (Figure 1D). After purification, these cell colonies could be routinely passaged with EDTA solution every 4–6 days, and kept typical morphological features with a high nuclear–cytoplasmic ratio and large nucleoli (Figure 1E), similar with human embryonic stem cells (hESCs) and hiPSCs derived from healthy individuals. Herein, we refer to these cells as RPE65-hiPSCs. More than 20 clones were obtained from two wells of reprogrammed UCs cultured in a six-well plate and five patient-specific hiPSC lines with more than 10 passages were established.
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FIGURE 1. Generation and amplification of RPE65-hiPSCs. (A) Schematic overview of generating integration-free RPE65-hiPSCs from UCs. (B) Progressive formation of RPE65-hiPSCs colonies after UCs reprogrammed. The black arrows showed emerging clones. (C) The emerging clones were positive for AP staining. (D) A manually picked small clump from primary clone gradually formed typical clones on D6. (E) Passaged RPE65-hiPSCs clones with EDTA treatment. Scale bars, 250 μm. (F) Sanger sequencing confirmed hiPSCs from the LCA patient contained compound RPE65 gene mutations with c.200T>G and c.430T>C. (G) Structure of human RPE65 monomer viewed from the bottom face of the seven-bladed β-propeller. Blades are numbered I–VII. Absolutely conserved His180, His241, His313, and His527 residues are shown as sticks coordinating the natively bound iron ion. The two mutation sites Leu67 (L67) and Tyr144 (Y144) are shown as blue and green sticks, respectively.



Sanger sequencing confirmed the RPE65-hiPSCs contained two heterozygous mutations c.200T>G (p. L67R) and c.430T>C (p. Y144H) in RPE65 gene, consistent with mutations detected in blood sample of this patient reported previously (Chen et al., 2013; Figure 1F). Structural analysis showed that the mutation sites L67 and Y144 were located in the blade VII and I of RPE65, respectively, which are critical to the closure of the core propeller fold (Figure 1G). Mutations (L67R and Y144H) had significant impacts on the local spatial volume, electrostatic potential, and/or hydrogen bonds network (Supplementary Figure S2). These structural effects may destabilize the protein, and thus result in improper “sealing” of the propeller structure or displace the critical iron-coordinating residues such as His527 and His180, reducing the enzyme activity.



Characterization of RPE65-Patient-Specific hiPSCs

After serial passage, the established cultures of RPE65-iPS cells were subjected to stringent assessment of characteristics of human pluripotent stem cells through different assays. Immunofluorescence staining showed these cells expressed human ESC/iPSC-specific protein markers OCT4, SOX2, NANOG, SSEA4, TRA-1-81, and TRA-1-60 (Figure 2A and Supplementary Figure S3C). Meanwhile, RT-PCR verified all five RPE65 hiPSCs lines (C11–1, C4, C10, C13, and C14) were positive for endogenous pluripotent genes OCT4, SOX2, and NANOG (Supplementary Figure S3B), but negative for exogenous reprogramming factors (OCT4, SOX2, SV40T, KLF4, and miR-302-367), and episomal plasmid DNA (oriP and EBNA-1), which were detected negatively in as early as passage one (P1) cells (Figure 2B and Supplementary Figure S3D). These results indicated RPE65-LCA patient-specific hiPSCs are free of episomal DNA integration, benefiting future translational study such as cell transplantation. RPE65-hiPSCs from two lines (C11–1, C4) at different passage number were chosen to analyze karyotype. They all showed normal karyotype by G-band staining (Figure 2C and Supplementary Figure S3E). To evaluate the pluripotency, we performed teratoma formation assays. The RPE65-hiPSCs were injected into NOD/SCID mice and followed up for 2 months. The patient-specific hiPSCs developed teratoma which contained neural rosettes, cartilage, and gut-like epithelium from three germ layers, respectively (Figure 2D). The above results demonstrated that RPE65-LCA patient-specific hiPSCs had pluripotency features similar to hESCs in vitro and in vivo.


[image: image]

FIGURE 2. Characterization of non-integrated RPE65-patient-specific hiPSCs. (A) Immunofluorescence staining of pluripotency markers (OCT4, SOX2, NANOG, SSEA4, TRA-1-81, and TRA-1-60) for RPE65-hiPSCs (C11–1, P5). Scale bars, 50 μm. (B) Non-integrating analysis of episomal vectors in the RPE65-hiPSCs (C11–1, P1, P4, and P7) by RT-PCR. (C) G-band analysis showed that RPE65-hiPSCs (representative result of C11–1) had normal karyotype. (D) HE staining analysis of teratomas from RPE65-hiPSC in NOD-SCID mice. Scale bars, 100 μm.





Generation of Patient-Specific Retinal Organoids From RPE65-hiPSCs

After stringent characterization of RPE65-hiPSCs, we asked whether they were able to differentiate into retinal organoids which were achieved with hiPSCs from healthy individuals (Zhong et al., 2014; Li et al., 2018). Using a stepwise retinal differentiation protocol reported (Li et al., 2018), the patient-specific hiPSCs recapitulated the major molecular and cellular features of retinal morphogenesis in vivo. Under suspension culture condition, dissociated RPE65-hiPSCs gradually formed EBs, which were then plated onto Matrigel-coated dishes for further induction (Figures 3A–C). Under these conditions, the RPE65-hiPSCs sequentially acquired PAX6+ and SOX1+ anterior neuroepithelial (AN) cell fate (Figure 3D) and Eye Field (EF) cell fate expressing EF transcription factors SIX3, OTX2, and LHX2 in 2 weeks after differentiation (Figures 3E–G). In addition, qRT-PCR showed that expression level of retinal progenitor markers (PAX6 and VSX2) and RPE cell markers (MITF) dramatically increased as differentiation progressed (Figure 3H). Compared to the healthy control hiPSCs, RPE65-hiPSCs presented similar mRNA expression level of retinal-specific genes PAX6, VSX2, MITF, and RX on D16 after induction (n = 3) (Figures 3I–L). Afterward, highly reflective, horseshoe shape like NR domains progressively formed, which were readily identified under inverted microscope (Figure 3M). Four weeks after differentiation, the domains were detached and cultured in suspension condition, under which they self-formed 3D retinal organoids with a major part of transparent NR ring attached with a small RPE ball on the other side, resembling an eye-cup (Figure 3N). The NR cells extensively expressed retinal progenitor markers VSX2 and MCM2 (Figures 3O,P). At least three RPE65-iPSCs lines (C4, C11-1, and C13) were successfully tested for their retinal differentiation ability. Collectively, these data indicated that RPE65-LCA patient-specific hiPSCs had capacity to form retinal organoids with the similar manner as hiPSCs derived from healthy individuals.
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FIGURE 3. Acquisition of retinal organoids and RPE cells from RPE65-hiPSCs. (A) Schematic overview of retinal differentiation protocol. (B) Floating embryoid bodies (EBs). (C) EBs plated on Matrigel-coated dishes on D7. Scale bars, 200 μm. (D) The adherent EBs acquired an anterior neuroepithelial fate characterized by PAX6 and SOX1 expression. Scale bar, 50 μm. (E–G) SIX3, OTX2, and LHX2-positive retinal progenitor cells appeared around D12. Scale bars, 20 μm. (H) qRT-PCR showed progressive increase of expression level of retinal progenitor markers PAX6 and VSX2 and RPE marker MITF during retinogenesis of RPE65-hiPSCs. RPE65-hiPSCs derived EBs (D5) as reference. Mean ± SD, n = 3. (I–L) Comparison of mRNA expression level of retinal progenitor markers (PAX6, VSX2, and RX) and RPE marker (MITF) between control and RPE65 hiPSCs on D16 after retinal differentiation. Control hiPSCs derived EBs (D5) as reference. No significant difference was disclosed between them (P > 0.05), mean ± SD, n = 3. (M) Typical morphology of horseshoe-like NR domains. Scale bar, 200 μm. (N) Representative image of retinal organoids containing NR and RPE. Scale bar, 200 μm. (O,P) Immunofluorescence staining showed retinal progenitor cells expressing VSX2 and MCM2 occupied the whole neural retina on D35 after differentiation. Scale bars, 20 μm.





Differentiation and Lamination of Patient-Specific Neural Retina From RPE65-hiPSCs

Our pervious study showed that retinal progenitor cells (RPCs) differentiated from healthy urine-derived hiPSCs had ability to differentiate into all major retinal cell types in an ordered fashion that retinal ganglion cells are born first, followed by photoreceptor cells, amacrine cells, horizontal cells, and lastly by bipolar cells and Müller cells (Li et al., 2018). Here, we, for the first time, demonstrated that patient RPE65-hiPSCs could also recapitulate the spatiotemporal pattern of NR differentiation in vivo. RPE65-hiPSCs derived 3D retinal organoids comprised NR attached with more or less RPE. Retinal ganglion cells expressing BRN3 first appeared in W6 and located in the basal-most zone of the NRs (Figure 4A). Subsequently, the OTX2+ photoreceptor progenitor cells appeared and occupied the apical part of NRs in W9 (Figure 4B). At the mid-term stage (W12–17) appeared interneurons, including AP2+ amacrine cells and PROX1+ horizontal cells lying in the intermediate layer of the NRs (Figures 4C,D). Finally, the developing late-born neurons appeared in W18–21, such as PKC-a+ bipolar cells and CRALBP+ Müller glial cells (Figures 4E,F). These results demonstrated that patient RPE65-hiPSCs kept the capacity to generate laminated NR with the similar developmental order as those from the control hiPSCs. In addition, all of three RPE65-iPSCs lines (C4, C11-1, and C13) could generate well-layered retinal organoids.
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FIGURE 4. RPE65-hiPSCs generated layered retinal organoids with all retinal cell types. Comparable to healthy control, neural retina in RPE65-hiPSCs derived retinal organoids developed laminated architecture with all major retinal cell types located in the corresponding layer. (A) BRN3+ retinal ganglion cells located in the basal side, (B) OTX2+ photoreceptor cells lying in the apical side, (C,D) AP2+ amacrine cells and PROX1+ horizontal cells lying in intermediate layer, (E) PKC-a+ bipolar cells, and (F) CRALBP+ Müller glial cells. Scale bars, 20 μm.





Photoreceptor Subtype Specification in Patient Retinal Organoids

After long-term culture (>20 weeks), RPE65-hiPSCs derived 3D retinal organoids kept nice structure comprising a high-reflective NR tissue attached a small RPE patch (Figure 5A). Immunofluorescence showed that RPCs could differentiate into recoverin positive photoreceptor cells accumulated in the apical side and forming presumptive ONL (Figure 5B and Supplementary Figure S4). By W21, all subtypes of photoreceptors, including Rhodopsin+ rods, L/M opsin+ red/green cones, and S opsin+ blue cones were also acquired and self-organized with polarization of segments toward the apical side of the NRs (Figure 5C). In addition, TEM demonstrated that RPE65-hiPSCs derived photoreceptors developed typical ultrastructures, including outer limiting membrane, inner segment rich of mitochondria, basal body, connecting cilium, centriole, and rudimentary outer segment (Figures 5D–G). These results implied that RPE65-hiPSCs could generate all subtypes of photoreceptors in organoids, similar to those derived from the healthy hiPSCs (Li et al., 2018).
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FIGURE 5. Photoreceptor subtype specification in patient retinal organoids. (A) Representative images of retinal organoids derived from RPE65-hiPSCs on D150. Scale bars, 200 μm. (B) Photoreceptor cells developed outer nuclear layer-like structure in patient retinal organoids, expressing photoreceptor cell pan marker Recoverin. Scale bar, 20 μm. (C) The patient photoreceptor cells had capacity to develop all subtypes including Rhodopsin+ rods, L/M opsin+ red/green cones and S opsin+ blue cones. Scale bars, 20 μm. (D–G) TEM revealed that RPE65-hiPSC-derived photoreceptors developed typical ultra-structures, outer limiting membrane (OLM, asterisks), inner segment (IS) with rich mitochondria (m), centriole (C), basal body (BB) (white arrow), and connecting cilia (black arrow). Scale bars, 1 μm (D), 0.5 μm (E), 0.2 μm (F), and 1 μm (G).





Down-Regulation of RPE65 in Patient-Specific RPE Cells With Novel RPE65 Mutations

By using the same 3D retinal differentiation protocol as described above, RPE cells were simultaneously generated with NR from hiPSCs, presented pigment and cobblestone morphology in adherent culture as early as W4 after differentiation (Figures 6A,B). On W8, the pigmented RPE sheets derived from RPE65-hiPSCs and control were collected to test mRNA expression level of RPE65, MITF (the RPE cell transcription factor), and CRALBP (cellular retinaldehyde-binding protein) (Figure 6C). qRT-PCR showed that RPE65 expression level was significantly lower (approximately eightfold) in RPE cells from RPE65-hiPSCs than those from control hiPSCs (P < 0.05). However, MITF and CRALBP expression levels had no statistically significant difference between RPE65-hiPSCs and control hiPSCs derived RPE (Figure 6D). Moreover, immunofluorescence staining revealed that the RPE65 protein expression was hardly detected in RPE65-hiPSCs derived RPE cells at W8 after differentiation, but in control RPE cells. While CRALBP and ZO-1, a tight junction protein, were positive in RPE cells from both control and RPE65-hiPSCs (Figure 6E). These results indicated the compound RPE65 mutations L67R and Y144H down-regulated RPE65 mRNA and protein expression in patient-specific RPE cells.
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FIGURE 6. Decreased expression of RPE65 in patient RPE cells. (A) Pigmented RPE cells (dashed area) differentiated from RPE65-hiPSCs. (B) Higher magnification of the dashed area in A. Scale bar, 100 μm. (C) The picked RPE sheets on W8 after differentiation. Scale bar, 100 μm. (D) qPCR analysis showed that the expression level of RPE65 was significantly lower in patient RPE cells (C11–1 and C4) than in the control (UE022), while MITF and CRALBP in patient RPE cells were comparable to the control. ∗P < 0.05. Data presented as mean ± SD, n = 3. (E) Immunofluorescence staining revealed that RPE65 were negative in RPE65-hiPSCs derived RPE cells, but positive in control hiPSCs derived RPE cells, while both CRALBP and ZO-1 were strongly positive in patient and control RPE cells. Scale bars, 20 μm.





Expansion Capacity of Patient-Specific RPE Cells

In addition, whether RPE65 gene mutations impair the expansion capacity of patient RPE cells were evaluated. RPE sheets from control and RPE65-hiPSCs with pigmentation and cobblestone-like morphology were selected, and digested into single cells on W8 after differentiation, and then seeded on Matrigel-coated dishes for expansion (Supplementary Figures S5A,B). In RCM containing serum, RPE65-hiPSCs derived pigmented RPE cells proliferated, depigmented, and reached confluency in 1 week when cell plating density was 2–5 × 104/cm2. The cells could passage every week and expanded more than three passages, yielding large populations which could be frozen and revived for future applications. When switched to RDM without serum, the expanded RPE cells regained pigmentation with typical cobblestone-like morphology, signs of mature RPE cells (Supplementary Figure S5C). Immunofluorescence staining showed that these RPE cells expressed RPE-specific markers PAX6, OTX2, MITF, and the tight junction marker ZO-1, comparable to the RPE cells derived from control hiPSCs (Supplementary Figure S5D).



Evaluation of Cell Function of Patient RPE

Next we asked whether the novel RPE65 mutations L67R and Y144H impacted on RPE cell function. POS phagocytosis and VEGF secretion were evaluated in RPE cells derived from both control and RPE65-hiPSCs. Compared to those cultured on 4°C condition (as a negative control, normal physiological function reduced at this temperature), all RPE cells on 37°C could phagocytose POS actively. In addition, the POS number phagocytosed by the control and patient RPE cells were comparable (142.8 ± 9.4/view and 175.7 ± 7.6/view, n = 3, respectively), implying the RPE65 mutations did not change phagocytosis capacity of patient RPE cells (Supplementary Figures S6A–C). By ELISA analysis, the VEGF amounts secreted by patient RPE cells (547.7 ± 17.3 pg/106 cells, n = 3) were equivalent to the control RPE cells (585.2 ± 23.0 pg/106 cells, n = 3) (Supplementary Figure S6D). Therefore, the above data indicated that the compound RPE65 mutations L67R and Y144H had no effect on the two important biological function of patient RPE cells. However, further studies will be needed to elucidate whether the novel mutations reduce the RPE65 isomerase activity, critical for the regeneration of the visual pigment and normal vision.




DISCUSSION

In this study, we generated non-integrating hiPSCs from a presumptive LCA patient carrying novel RPE65 mutations c.200T>G (p. L67R) and c.430T>C (p.Y144H). These patient-specific hiPSCs had typical features of healthy hiPSCs, such as clonal growth, expression of pluripotent markers, and multipotential differentiation. Moreover, RPE65-hiPSCs could differentiate into retinal organoids containing photoreceptor and RPE cells, two disease target cells. The time course of retinal differentiation and cellular and structural features of retinal organoids from RPE65-hiPSCs was similar to those from control hiPSCs. In addition, our findings disclosed that the patient RPE cells had normal biological functions, POS phagocytosis, and VEGF secretion, but lower expression of RPE65 mRNA and protein. The latter might reduce the RPE65 enzyme activity, leading to the vision loss.

The retinoid isomerase, RPE65, exclusively expressed in RPE cells, is critical for visual cycle responsible for sustaining vision. Over 130 genetic variants locating in coding or non-coding regions of this gene have been reported in LCA patients with diverse clinical phenotypes (Astuti et al., 2016). In the past decades, significant progress has been achieved in understanding normal RPE65 action and disease pathogenic mechanisms as well as developing RPE65 gene augment therapy (Redmond et al., 1998; Jin et al., 2005; Russell et al., 2017). So far, different animal models with RPE65 knockout, point mutations, or naturally inactivating mutations of RPE65 (mice and dog) have been established or identified, and made huge contributions to the above achievements (Li et al., 2014; Shin et al., 2017). However, species issues in model fidelity and response to therapeutic treatments existed. Bainbridge et al. (2015) reported that gene therapy with rAAV2/2 RPE65 vector resulted in only modest and temporary improvement in LCA patients compared with results obtained from the dog model. They postulated that there was a species difference in the amount of RPE65 required to drive the visual cycle (Bainbridge et al., 2015). Hence, there is a need to develop a human in vitro model of LCA caused by RPE65 for basic and translational study. With hiPSC technology, Tucker et al. (2015) created patient hiPSCs lines containing exonic leucine–toproline mutation (L408P) and intron 3 (IVS3-11) mutation in RPE65 gene, induced them into patient-specific RPE cells from which the IVS3-11 variation was disclosed causing mis-splicing via transcriptional analysis. However, the direct impact of the above mutations on RPE65 expression, enzyme activity, and RPE cell function remains unclear. Here, we produced patient-specific hiPSCs which differentiated into retinal cells including RPE cells from a putative LCA patient containing two novel RPE65 mutations L67R and Y144H. The pathogenicity of these two compound mutations in RPE65 gene has not determined yet. Bioinformatic analysis predicted the L67R mutation was damaging or probably damaging, while the Y144H mutation tolerated or probably damaging (Chen et al., 2013). In cellular level, our study, for the first time, revealed that these mutations decreased the expression of RPE65 mRNA and protein in patient RPE cells, which are also in agreement with the structure analysis of the mutants (Figure 1G and Supplementary Figure S2). However, further studies will be necessary to confirm the impact of these mutations on the isomerase activity.

Advance in retinal organoids induction techniques with hiPSCs provides a powerful research platform for dissecting mechanisms of retinal development and disease in vitro. These multi-layered retinal organoids contained nearly all major retinal cell types, especially photoreceptor and RPE cells, which are the most common, initially affected cells in retina of LCA patient. So far, retinal organoids derived from patient-specific iPSC were reported to model, at some degree, phenotypes of retinal dystrophy, such as CEP290 and NR2E3 gene mutation-related LCA (Parfitt et al., 2016; Deng et al., 2018). In this study, we firstly acquired RPE65-LCA patient-specific retinal organoids containing neural retinal and RPE in different developmental stages. In patient retinal organoids, all subtypes of photoreceptors including Rhodopsin+ rods, L/M opsin+, and S opsin+ cones developed and highly organized since W20 after differentiation. In addition, the protein expression pattern of these opsins in the organoids showed the similar spatial pattern as in the human fetal retina, with opsins first detected in the rudimentary OS, then in the entire cell membrane, and finally restricted to the elongating OS (Hendrickson et al., 2008). Especially, the typical ultrastructure of patient photoreceptors such as outer limiting membrane, inner segment, and rudimentary outer segments, a functional structure, also appeared. The success of acquiring rods and cones as well as RPE cells would provide a patient-specific cell model to dissect the pathogenic mechanisms and phenotype of the disease caused by these two mutations L67R and Y144H as well as other factors, personal factors in particular. However, a previous study showed that evident structural changes including outer segment discs were not seen in 7-week-old RPE65–/– mice, but in 15-week-old RPE65–/– mice (Redmond et al., 1998), implying the phenotype of photoreceptors presented quite late. Therefore, challenges with retinal organoids still exist in terms of modeling of photoreceptor phenotypes such as structural changes and cell loss caused by RPE65 mutations. Optimizing the retinal organoids culture system including promoting the photoreceptor maturation and long-term survival and establishing the direct contact of RPE and photoreceptors will be in demand for disease modeling of LCA.

Most of LCA patients inevitably suffer from retinal degeneration with thinning retina, which need tissue or cell replacement therapy. Although gene-based therapy could improve vision of RPE65-LCA patients, it failed to prevent degeneration process of this disease. Patient-derived retinal organoids or RPE cells can be utilized for regenerative medicine in combination with genome-editing technology (Deng et al., 2018; Zheng et al., 2018). Genome editing tools, the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system, zinc finger nucleases (ZFNs), and transcription activator-like effector nucleases (TALENs), are capable to correct mutations that lead to genetic diseases (Kime et al., 2016). With this technology, Soldner et al. (2011) created isogenic pairs of patient-derived iPSCs. Both RPE65-hiPSCs derived RPE cells and photoreceptor cells after mutation correction could provide unlimited seed cells for cell therapy alone or combined with gene therapy, especially in personalized therapy.



CONCLUSION

In conclusion, we obtained patient-specific, integration-free RPE65-hiPSCs, and their derivatives of retinal organoids with photoreceptors and RPE containing RPE65 mutations L67R and Y144H. The patient-specific organoids with RPE and photoreceptor cells may serve as new biomaterials or cell disease models for precision medicine including personalized pathogenic mechanisms, drug screening, gene therapy evaluation, or cell replacement therapy. Further studies will be needed to evaluate the degree to which the patient-specific retinal organoids can mimic the disease progress, phenotypes, and molecular changes.
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FIGURE S1 |
Collection and culture of urine cells from a RPE65-LCA patient. (A) Schematic diagram of urine sample collection and cell culture. (B) Representative phase contrast photographs of urine epithelium cells (UCs) at passage (P) 1. Arrow, type 1 cells; arrowhead, type 2 cells. Scale bars, 100 μm. (C) UCs expressed epithelium markers E-cadherin, CD44, and KRT7 by immunofluorescence staining. Scale bars, 20 μm.

FIGURE S2 |
Structural analysis of the RPE65 mutations. (A) Hydrogen bonds analysis for the L67R mutation. Hydrogen bonds were shown as purple dash lines. There was no change in the local hydrogen bonds network when the mutation occurred. (B,C) The local electrostatic potentials within 3 Å of the 67th residues. Potentials less than −10 kT/e were colored in red, and those greater than +10 kT/e were depicted in blue. The positive charges around Arg67 were significantly higher than those of Leu67. (D) Hydrogen bonds analysis for the Y144H mutation. Y144H mutation lead to the loss of the hydrogen bond between Tyr144 and Asp 142. (E,F) The local electrostatic potentials within 3 Å of the 144th residues. His144 brought more positive charge than Tyr144.

FIGURE S3 |
Pluripotency and free-integration of RPE65-hiPSCs demonstrated by other clones. (A) A primary clone (C4) with clear boundary on D20 after reprogramming. Scale bar, 200 μm. (B) RT-PCR showed pluripotency gene expression (OCT4, SOX2, NANOG) of RPE65-hiPSCs from five different clones. (C) Immunofluorescence staining of pluripotency markers (OCT4, SOX2, NANOG, SSEA4, TRA-1-81, and TRA-1-60) for RPE65-hiPSCs (C4, P6). Scale bars, 50 μm. (D) RT-PCR showed negative expression of exogenous episomal plasmid DNA in five RPE65-hiPSCs lines tested [C11–1 (P7), C4 (P8), C10 (P8), C13 (P9), C14 (P8)]. (E) G-band analysis showed RPE65-hiPSCs (C4) had normal karyotype.

FIGURE S4 |
Negative controls of immunofluorescence staining (IFS) in Figure 5. To exclude the false positive caused by the non-specific binding of second antibodies, three types of second antibodies (A–C) used in Figure 5 were tested with PBS instead of the first antibodies, Recoverin raised from rabbit (A), Rhodopsin from mouse (B), and S opsin from rabbit (C) as the negative controls. IFS were performed parallelly on serial sections of retinal organoids older than W20. All images were taken under the same exposure conditions with an LSM 510 confocal microscope (Zeiss). The detailed information of all antibodies can be found in Table 1. Scale bars, 20 μm.

FIGURE S5 |
Propagation of RPE65-hiPSCs derived RPE cells. (A) Cobblestone-like RPE cells derived from RPE65-hiPSCs contained pigmentation 40 days after differentiation. Scale bar, 200 μm. (B) Passaged RPE cells on D2. Scale bar, 200 μm. (C) Passaged RPE cells presented cobblestone morphology and regained pigmentation 4 weeks after passage. Scale bar, 50 μm. (D) Immunostaining showed that the typical RPE markers PAX6, OTX2, MITF, and ZO-1 were positive in passaged RPE cells derived from both control and RPE65 hiPSCs. Scale bars, 20 μm.

FIGURE S6 |
Functional evaluation of patient RPE cells. (A,B) Z-stack confocal images showing the phagocytosed CM-Dil labeled POS (red) by RPE cells derived from control (A) and patient (B) hiPSCs. During 12 h POS incubation, cells cultured in 4°C were used as negative control. (C) The POS phagocytosis capacity of RPE65-hiPSCs derived RPE cells was comparable to the control. Mean ± SD, n = 3. (D) The total VEGF secretion of both control- and patient-derived RPE cells cultured for 24 h was equivalent. Mean ± SD, n = 3.
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Single Cell and Single Nucleus RNA-Seq Reveal Cellular Heterogeneity and Homeostatic Regulatory Networks in Adult Mouse Stria Vascularis
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The stria vascularis (SV) generates the endocochlear potential (EP) in the inner ear and is necessary for proper hair cell mechanotransduction and hearing. While channels belonging to SV cell types are known to play crucial roles in EP generation, relatively little is known about gene regulatory networks that underlie the ability of the SV to generate and maintain the EP. Using single cell and single nucleus RNA-sequencing, we identify and validate known and rare cell populations in the SV. Furthermore, we establish a basis for understanding molecular mechanisms underlying SV function by identifying potential gene regulatory networks as well as druggable gene targets. Finally, we associate known deafness genes with adult SV cell types. This work establishes a basis for dissecting the genetic mechanisms underlying the role of the SV in hearing and will serve as a basis for designing therapeutic approaches to hearing loss related to SV dysfunction.
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INTRODUCTION

Ionic homeostasis in the endolymph-containing compartment of the cochlea, the scala media, is a critical factor in enabling proper hair cell mechanotransduction and hearing (Wangemann, 2002, 2006; Hibino et al., 2010). The endolymph is the atypical potassium rich extracellular fluid of the cochlear duct. This high potassium concentration results in a +80 millivolt (mV) positive potential known as the endocochlear potential (EP) (Wangemann, 2002; Patuzzi, 2011). The stria vascularis (SV), a non- sensory epithelial tissue in the lateral wall of the cochlea, generates and maintains this high potassium concentration and the EP.

The SV is a complex, heterogenous tissue consisting of several cell types that work together to generate and maintain the EP. Cell types identified as critical to this role thus far include marginal cells, intermediate cells and basal cells (Wangemann, 2002; Gow, 2004; Wangemann et al., 2004; Marcus et al., 2013). The marginal cells (MCs) face the endolymph and extend basolateral projections that interdigitate with the intermediate cells (ICs) which have projections that run in both directions toward marginal cells apically and basal cells at the basolateral end (Figure 1A). Basal cells (BCs) are connected to each other by tight junctions (like the MCs) to prevent leakage of ions (Kitajiri S.I. et al., 2004). At least two of these cell types, marginal and intermediate cells appear to have densely interdigitating processes (Figure 1B) intimating at the close functional interaction between these cell types in the SV (Steel and Barkway, 1989; Nakazawa et al., 1995). In addition, other cell types in the SV include spindle cells, macrophages, pericytes and endothelial cells (Neng et al., 2013; Ito et al., 2014; Shi, 2016).


[image: image]

FIGURE 1. Stria vascularis cellular heterogeneity and organization. (A) Schematic of the stria vascularis (SV) and its relationship to structures in the cochlea. The SV is composed of three layers of cells and is responsible for generating the +80 mV endocochlear potential (EP) and the high potassium concentration in the endolymph-containing scala media. The relationship between the marginal, intermediate and basal cells are demonstrated with the marginal cells extending basolateral projections to interdigitate with intermediate cells, which have bidirectional cellular projections that interdigitate with both marginal and basal cells. In addition to these cell types, other cell types, including spindle cells (yellow), endothelial cells, pericytes, and macrophages (not shown) are present in the SV. (B) Cross-section of the SV in a postnatal day 30 (P30) mouse immunostained with anti-SLC12A2 (marginal cells, red), anti-KCNJ10 (intermediate cells, green), and DAPI (4′,6-diamidino-2-phenylindole) for nuclei. Notice the interdigitation of cellular processes from both intermediate and marginal cells. Scale bar is 20 μm.


Knowledge regarding the role of the three main cell types (MCs, ICs, BCs) in the generation and maintenance of the EP is based on previous work by others. Mutations in genes expressed by marginal, intermediate and basal cells in the SV are known to cause deafness and dysfunction in EP generation. In marginal cells, mutations in Kcnq1, Kcne1 and Barttin (Bsnd) result in a loss or reduction of EP and deafness (Rickheit et al., 2008; Chang et al., 2015; Faridi et al., 2019). Kcnq1/Kcne1 encode the voltage-gated potassium channel Kv7.1 and play a crucial role in secreting potassium and maintaining the EP. Conditional Kcnq1 null mice exhibit collapsed Reissner’s membrane, loss of EP, and are deaf (Chang et al., 2015). Barttin (Bsnd) is a beta subunit of chloride channel ClC-K, mutations in which cause deafness and Bartter syndrome IV in humans. Conditional null mice of barttin in the inner ear exhibit hearing loss with reduced EP (Rickheit et al., 2008; Riazuddin et al., 2009). In intermediate cells, Kcnj10 encodes Kir4.1, an inwardly rectifying potassium channel, which is necessary for the generation of the EP. Loss or mutations in Kcnj10 have been shown to cause hearing loss in humans and mice, accompanied by an absence of EP and loss of endolymphatic potassium (Wangemann et al., 2004; Marcus et al., 2013; Chen and Zhao, 2014). Finally, basal cells play a role in barrier formation and prevent ion leakage from the SV. Claudin 11 (Cldn11), a tight junction protein expressed in SV basal cells, is critical to this function as demonstrated by deafness and low EP in Cldn11 null mice (Gow, 2004; Kitajiri S. et al., 2004).

Despite continuing interest in SV cell types, an understanding of cellular heterogeneity, including a comprehensive understanding of SV cell type-specific transcriptional profiles, is incomplete. While several in vivo, in vitro, and in silico studies have identified key roles for particular strial cell types in EP generation, including MCs, ICs, and BCs (Takeuchi et al., 2000; Kitajiri S. et al., 2004; Nin et al., 2008; Mori et al., 2009; Hibino et al., 2010; Chen and Zhao, 2014; Yoshida et al., 2015; Nin et al., 2017), the mechanisms by which the various cell types work together to accomplish EP generation as well as other strial functions remains largely undefined (Ohlemiller, 2009). Furthermore, the gene regulatory networks that provide the basis for these EP-generating mechanisms remain largely undefined. Recently, both single cell and single nucleus approaches have been utilized to define transcriptional profiles of cells from organs and tissues with significant cellular heterogeneity (Zeng et al., 2016; Wu et al., 2019). Given the presence of a heterogeneous group of cell types with significant cell size and shape heterogeneity, we set out to define the transcriptional profiles of the three major cell types implicated in EP generation by utilizing single cell RNA-Seq (scRNA-Seq) and single nucleus RNA-Seq (snRNA-Seq) in the adult SV. In doing so, we seek to define transcriptional heterogeneity between SV cell types and define gene regulatory networks in the unperturbed wild type adult SV that can serve as a basis for investigating mechanisms responsible for SV functions.



MATERIALS AND METHODS

A table of key resources is provided in the Supplementary Table S1.


Animals

Inbred CBA/J males and females were purchased from JAX (Stock No. 000656). Breeding pairs were set up to obtain P30 mice for single cell and single nucleus RNA seq experiments, immunohistochemistry and single molecule RNA FISH.



Cell/Nucleus Isolation


Stria Vascularis Dissection

Adult mice were sacrificed and inner ears were dissected. The lateral wall of the cochlea was microdissected from the bony wall of the cochlea. Localizing the pigmented strip in the cochlear lateral wall, the SV was microdissected from the spiral ligament using fine forceps. Microdissection of the SV from 2 cochlea were accomplished in less than 4 min. Multiple lab personnel experienced with the microdissections were utilized to minimize dissection time. Samples were collected at the same time of day across individual mice and batches. For each collection, less than 1 h was spent prior to single cell or single nucleus capture on the 10x Genomics Chromium platform. A total of 10 mice and 12 mice were used for single cell and single nucleus RNA-seq experiments, respectively.



Single Cell Suspension

Inner ears from a total of ∼25 P30 mice were removed and SV from the cochleae were collected into 200 μl DMEM F-12 media. The tissue was lysed in 0.5 mg/ml trypsin at 37°C for 7 min. The media was carefully removed and replaced with 5% FBS to stop the lysis. The tissue was triturated and filtered through a 20 μm filter (pluriSelect Life Science, El Cajon, CA, United States). The filtered cells were let to sit on ice for 35 min. Hundred and fifty microliter of the supernatant was removed and cell pellet was suspended in the remaining 50 μl. Cells were counted on a Luna automated cell counter (Logos Biosystems, Annandale, VA, United States) and a cell density of 1 × 106 cells/ml was used to load onto the 10X genomics chip.



Single Nucleus Suspension

Published single nucleus suspension protocol from 10x genomics was used to isolate the nuclei. Briefly, SV from ∼10 P30 animals were isolated and collected in 3 ml DMEM F-12 media. Following collection, the media was replaced with 3 ml chilled lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2,0.005% Nonidet P40 in Nuclease free water) and the tissue were lysed at 4°C for 25 min. The lysis buffer was then replaced with 1.5 ml DMEM F-12 media. The tissues were triturated and filtered through a 20 μm filter (pluriSelect Life Science, El Cajon, CA, United States). The filtrate was centrifuged at 500rcf for 5 min at 4°C. The supernatant was removed, and the cell pellet was resuspended in 1ml nuclei wash and resuspension buffer (1xPBS with 1% BSA and 0.2U/μl RNase Inhibitor). The cells were filtered through a 10 μm filter (pluriSelect Life Science, El Cajon, CA, United States) and centrifuged at 500rcf for 5 min at 4°C. The supernatant was removed, and pellet resuspended in 50 μl of nuclei wash and resuspension buffer. Nuclei were counted in a Luna cell counter (Logos Biosystems, Annandale, VA, United States) and a nuclear density of 1 × 106 cells/ml was used to load onto the 10X genomics chip.



10x Chromium Genomics Platform

Single cell or nuclei captures were performed following manufacturer’s recommendations on a 10x Genomics Controller device (Pleasanton, CA, United States). The targeted number of captured cells or nuclei ranged from 6,000 to 7,000 per run. Library preparation was performed according the instructions in the 10x Genomics Chromium Single Cell 3’ Chip Kit V2. Libraries were sequenced on a HiSeq 1500 or Nextseq 500 instrument (Illumina, San Diego, CA, United States) and reads were subsequently processed using 10x Genomics CellRanger analytical pipeline using default settings and 10x Genomics downloadable mm10 genome. Dataset aggregation was performed using the cellranger aggr function normalizing for total number of confidently mapped reads across libraries. For scRNA-Seq datasets, 132,866 mean reads per cell and 1,111 median genes per cell were obtained. For the snRNA-Seq dataset, 23,887 mean reads per cell and 727 genes per cell were obtained.



PCA and t-SNE Analysis


Selection of Genes for Clustering Analysis

Identification of the highly variable genes was performed in Seurat utilizing the MeanVarPlot function using the default settings with the aim to identify the top ∼ 2000 variable genes (Satija et al., 2015). Briefly, to control for the relationship between variability and average expression, average expression and dispersion is calculated for each gene, placing the genes into bins, and then a z-score for dispersion within the bins is calculated. These genes are utilized in the downstream analysis for clustering.



Clustering of Single Cells

Clustering analysis of single-cell data was performed with Seurat using a graph-based clustering approach (Satija et al., 2015). Briefly, the Jackstraw function using the default settings was used to calculate significant principal components (p < 0.0001) and these principal components were utilized to calculate k-nearest neighbors (KNN) graph based on the euclidean distance in PCA space. The edge weights are refined between any two cells based on the shared overlap in their local neighborhoods (Jaccard distance). Cells are then clustered according to a smart local moving algorithm (SLM), which iteratively clusters cell groupings together with the goal to optimize the standard modularity function (Blondel et al., 2008; Waltman and van Eck, 2013)1. Resolution in the FindClusters function was set to 0.8. High modularity networks have dense connections between the nodes within a given module but sparse connections between nodes in different modules. Clusters were then visualized using a t-distributed stochastic neighbor embedding (t-SNE) plot.



Doublet Detection and Elimination

To detect and eliminate doublets that may affect clustering analysis we used an R package called DoubletDecon described previously (DePasquale et al., 2018) that iteratively detects doublets in single-cell RNASeq data. An expression matrix of read counts, the top 50 marker genes for each cluster, and a list of cells with cluster identities are used to create “medoids” for each cluster which are averages of cell-type specific gene expression. It then compares the similarity of expression for each cluster medoid to every other medoid resulting in a binary correlation matrix. If two cluster medoids meet or exceed the similarity threshold they receive a “1” in the binary matrix, referred to as “blacklist clusters,” and if they do not they receive a “0” in the binary matrix. Synthetic doublets are generated using cells from each pairwise comparison of dissimilar cluster medoids. Synthetic doublets, cells, and blacklist cluster gene expression profiles are deconvoluted and each cell is iteratively compared to both synthetic doublet profiles and blacklist clusters. If a cell is more similar in expression to synthetic doublets it is classified as a putative doublet. Putative doublets are re-clustered, and Welch’s t-test is used to determine uniquely expressed genes. If any cells express one unique gene when compared to the blacklisted clusters they are rescued and classified as a singlet. The singlet list was used to subset our single-cell data, and the Seurat pipeline was re-run on the new doublet eliminated data.



Differential Gene Expression Analysis

Differential expression analysis was performed in Seurat utilizing the FindAllMarkers function with the default settings except that the “min.pct” and “thresh.use” parameters were utilized to identify broadly expressed (min. pct = 0.8, thresh. use = 0.01) and subpopulation-specific (min. pct = 0.5, thresh. use = 0.25) expression profiles. The parameter “min.pct” sets a minimum fraction of cells that the gene must be detected in all clusters. The parameter “thresh.use” limits testing to genes which show, on average, at least X-fold difference (log-scale) between groups of cells. The default test for differential gene expression is “bimod,” a likelihood-ratio test (McDavid et al., 2013). Differentially expressed genes were then displayed on violin plots based on unbiased clustering described above.



Heatmap or Grid Violin Plot Construction of Selected Data

Heatmaps or grid violin plots were constructed using custom python scripts and utilized to display gene expression across SV cell types identified in both scRNA-Seq and snRNA-Seq datasets. Briefly, construction of heatmaps or grid violin plots was performed in the following fashion: (1) Raw counts data was processed within Seurat as previously described. (2) Normalized counts were scaled into range [0,1] by using min-max scaling method on each gene. (3) Heatmaps or violin plots were constructed by python/seaborn using the scaled data counts. Detailed code can be found in python scripts in Supplementary Material.



Downstream Computational Analysis


Gene Regulatory Network Inference

Two independent methods of gene regulatory network inference, Weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 2008) and single cell regulatory network inference and clustering (SCENIC) (Aibar et al., 2017) were utilized. Briefly, WGCNA constructs a gene co-expression matrix, uses hierarchical clustering in combination with the Pearson correlation coefficient to cluster genes into groups of closely co-expressed genes termed modules, and then uses singular value decomposition (SVD) to determine similarity between gene modules. Hierarchical clustering of modules is displayed as topological overlap matrix (TOM) plots and similarity between gene modules are displayed as adjacency plots. Briefly, SCENIC identifies potential gene regulatory networks by performing the following steps: (1) modules consisting of transcription factors and candidate target genes are determined on the basis of co-expression utilizing GENIE3, (2) regulons are constructing by filtering modules for candidate genes that are enriched for their transcription factor binding motifs utilizing RcisTarget, (3) the activity of each regulon within each cell is determined, (4) the regulon activity matrix is constructed utilizing these regulon activity scores and can be used to cluster cells on the basis of shared regulatory networks. In this way, SCENIC may identify cell types and cell states on the basis of shared activity of a regulatory subnetwork.



Deafness Gene Screen of Stria Vascularis Transcriptomes From scRNA-Seq and sn-RNA-Seq Datasets

In order to screen our datasets for known deafness genes, we constructed a database of known human and mouse deafness genes from the following sources: (1) Hereditary Hearing Loss page2 (Van Camp and Smith, n.d.) and (2) Hereditary hearing loss and deafness overview (Shearer et al., 1993; Azaiez et al., 2018).



Gene Ontology and Gene-Set Enrichment Analysis

Gene ontology analyses and gene enrichment analyses were performed using Enrichr3 as previously described (Chen et al., 2013; Kuleshov et al., 2016; Pazhouhandeh et al., 2017). Enrichr is an integrated web-based application that includes updated gene-set libraries, alternative approaches to ranking enriched terms, and a variety of interactive visualization approaches to display the enrichment results. Enrichr employs three approaches to compute enrichment as previously described (Jagannathan et al., 2017). The combined score approach where enrichment was calculated from the combination of the p-value computed using the Fisher exact test and the z-score was utilized. Top gene ontology (GO) terms were chosen by utilizing the combined score approach as described.



Identification of Potentially Druggable Gene Targets

To identify druggable targets within our scRNA-Seq data of the SV, genes from P30 cell-type specific SCENIC regulons were input into Pharos4 (Nguyen et al., 2017) using their “batch search” function. Pharos is a database created by the “Illuminating the Druggable Genome” program to give users access to protein targets and the availability of drugs or small molecules for each. Pharos categorizes each protein with a “target developmental level” according to how much is known on its “druggability.” Targets that are well studied are deemed “Tclin” if they can be targeted with FDA approved drugs that have a known mechanism of action on the target, “Tchem” if there are known small-molecule ligands that bind the target, or “Tbio” if the target has a known gene ontology or phenotype but no available drugs or small molecules. Targets that are currently unstudied are labeled “Tdark.” To focus on the most clinically relevant targets, we filtered for only Tclin and Tchem developmental levels in our search. Tclin and Tchem targets from each cell-type specific regulon were plotted using the FeaturePlot function in Seurat to identify the most specific targets within regulons of the SV.



Fluorescent in situ Hybridization (smFISH) Using RNAscope Probes

In situ hybridizations were performed using the following RNAscope probes (Supplementary Table S1). RNAscope probes were obtained from Advanced Cell Diagnostics (Newark, CA, United States) and used with sections of cochleae from CBA/J wild type mice at P30. Adult cochleae were dissected from the head and fixed overnight at 44°C in 4% PFA in 1x PBS. Fixed adult mouse inner ears were decalcified in 150 mM EDTA for 5–7 days, transferred to 30% sucrose, and then embedded and frozen in SCEM tissue embedding medium (Section-Lab Co, Ltd.). Adhesive film (Section-Lab Co, Ltd.; Hiroshima, Japan) was fastened to the cut surface of the sample in order to support the section and cut slowly with a blade to obtain thin midmodiolar sections. The adhesive film with section attached was submerged in 100% EtOH for 60 s, then transferred to distilled water. The adhesive film consists of a thin plastic film and an adhesive and it prevents specimen shrinkage and detachment. This methodology allows for high quality anatomic preservation of the specimen. Frozen tissues were sectioned (10 μm thickness) with a CM3050S cryostat microtome (Leica, Vienna, Austria). Sections were mounted with SCMM mounting media (Section-Lab Co, Ltd., Hiroshima, Japan) and imaged using a 1.4 N.A. objective. Probe information is detailed in Supplementary Table S1.



Immunohistochemistry

For immunohistochemistry of cochlear sections, fixed adult mouse inner ears were prepared as previously described. Fluorescence immunohistochemistry for known SV cell-type markers was performed as follows. Mid-modiolar sections were washed in PBS then permeabilized and blocked for 1 h at room temperature in PBS with 0.2% Triton X-100 (PBS-T) with 10% fetal bovine serum (Catalog # A3840001, Thermo Fisher Scientific, Waltham, MA, United States). Samples were then incubated in the appropriate primary antibodies in PBS-T with 10% fetal bovine serum, followed by three rinses in PBS-T and labeling with AlexaFluor-conjugated secondary antibodies (1:250, Life Technologies) in PBS-T for 1 h at room temperature. Where indicated, 4,6-diamidino-2-phenylindole (1:10,000, Life Technologies) was included with the secondary antibodies to detect nuclei. Organs were rinse in PBS three times and mounted in SlowFade (Invitrogen). Specimens were imaged using a Zeiss LSM710 confocal microscope. Sections were mounted with SCEM mounting medium (Section-Lab Co, Ltd., Hiroshima, Japan). Primary antibodies used included rabbit anti-KCNJ10 (Alomone Labs, Cat# APC-035, polyclonal, dilution 1:200), rabbit anti-CLDN11 (Life Technologies, Cat# 364500, polyclonal, dilution 1:200), goat anti-SLC12A2 (Santa Cruz Biotech, Cat# sc-21545, polyclonal, dilution 1:200), goat anti-KCNQ1 (Santa Cruz Biotech, Cat# sc-10646, polyclonal, dilution 1:200), Phalloidin AlexaFluor 647 (Invitrogen, Cat# A22287, dilution 1:250).



Statistical Analysis

Statistical analysis for single-cell RNA-Seq is described in the detailed methods.



Data and Software Availability

All data generated in these studies have been deposited in the Gene Expression Omnibus (GEO) database (GEO Accession ID: GSE136196) and can be found on GEO5. We are also in the process of uploading the data into the gene Expression Analysis Resource (gEAR), a website for visualization and comparative analysis of multi-omic data, with an emphasis on hearing research6.



RESULTS


Defining Cellular Heterogeneity Within the Adult Stria Vascularis (SV)

The SV is composed of a heterogeneous group of cell types that work together to generate the endocochlear potential. Defining these cell types and their respective transcriptional profiles in the adult mammalian SV is a critical first step toward understanding the genetic mechanisms that produce the EP. Cell isolation for single cell and single nucleus approaches must be optimized for the tissues they are targeting. In particular, cellular heterogeneity within a tissue can be manifested, not just by cell type heterogeneity, but also heterogeneity in size and shape, potentially necessitating different techniques to gain a comprehensive perspective on a given tissue. As can be seen in the representative image of the SV in Figure 1B, marginal cells (red), with cell nuclei eccentrically located closer to the endolymph (apical-medial), interdigitate with intermediate cells (green) with cell nuclei arranged so that processes extend to both the apical-medial and basolateral surfaces of the SV. The basal cells, which line the basolateral surface of the SV, appear to be relatively flat cells. The marginal, basal, and spindle cells appear to have relatively flat-appearing nuclei, while those of the intermediate cells appear more oblong in shape. For the SV, in order to address the challenge of transcriptional profiling a tissue composed of heterogeneous cell types with significant heterogeneity in cell size and shape, we utilized two methods of transcriptional profiling, single cell RNA-Seq (scRNA-Seq) and single nucleus RNA-Seq (snRNA-Seq).

An overview of the comparison between scRNA-Seq and snRNA-Seq techniques in the adult SV is provided in the Supplementary Data and Methods and Supplementary Table S2. Details of dataset aggregation for single cell captures using CellRanger is provided in the Supplementary Data and Methods. Briefly, distribution of cells across all clusters was analyzed and found to be equally distributed across all clusters based on cell capture date (Supplementary Figure S1). For these reasons, the dataset was treated as a single dataset. No other batch correction methods were used prior to analyzing these datasets. Both datasets were analyzed for dissociation-induced effects and clustering of cells was found to be minimally impacted by dissociation-induced gene expression (Supplementary Figure S2). Details on analysis of dissociation-induced effects have been previously detailed by others (Van Den Brink et al., 2017; Baryawno et al., 2019) and are discussed briefly in Supplementary Data and Methods. Due to the interdigitation of processes of the marginal and intermediate cells, it is possible that detection of ambient RNA, defined as the mRNA pool released in the cell suspensions likely by stressed or apoptotic cells (Yang et al., 2019), may affect clustering in scRNA-Seq (Supplementary Figure S3 and Supplementary Data and Methods).


Stria Vascularis (SV) Cell Types Exhibit Clear Transcriptional Differences

Unbiased clustering of adult SV single cells and nuclei was performed independently. After unbiased clustering of cells by shared gene expression, known cell type-specific markers were utilized to identify these agnostically determined cell clusters. Based on these markers, marginal cell, intermediate cell, basal cell, spindle/root cell, macrophages, and immune and hematopoietic cell clusters were identified within the adult SV scRNA-Seq and snRNA-Seq datasets (Figure 2A). Here, we will focus the analyses on the marginal, intermediate, basal, and spindle/root cell clusters. Feature plots of both scRNA-Seq and snRNA-Seq datasets demonstrate the correlation of known gene expression for marginal cells (Kcne1, Kcnq1) (Wangemann, 2002), intermediate cells (Cd44, Met) (Shibata et al., 2016; Rohacek et al., 2017), basal cells (Cldn11, Tjp1) (Gow, 2004; Lee et al., 2017; Liu et al., 2017), and spindle/root cells (Slc26a4) between the two datasets (Figures 2B,D) (Nishio et al., 2016). Violin plots demonstrate relative expression of these known SV cell type-specific genes across the four main cell types (Figures 2C,E). Confirmatory smFISH and immunohistochemistry demonstrates expression of these known markers for marginal cells (Kcne1, Kcnq1), intermediate cells (Cd44, Met), basal cells (CLDN11, ZO-1), and spindle/root cells (Slc26a4) (Figure 2F). Co-expression of Kcne1 and Kcnq1 RNA to marginal cells of the adult SV can be seen, particularly in close proximity to marginal cell nuclei (Figure 2F). Cd44 and Met RNA is co-expressed in intermediate cell nuclei (Figure 2F). CLDN11 and ZO-1 (the protein product of the Tjp1 gene) are co-expressed in basal cells (Figure 2F). The confirmation of cell type clusters with known gene expression across both datasets strengthens the validity of the unbiased clustering as well as the capability of both approaches to assess transcriptome profiles in the SV.
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FIGURE 2. Stria vascularis (SV) cell types show clear transcriptional differences at the single cell and single nucleus level. (A) Unbiased clustering was performed on both single cell RNA-Seq (scRNA-Seq) and single nucleus RNA-Seq (snRNA-Seq) datasets from the P30 mouse SV. Known cell type-specific markers were utilized to identify these agnostically determined cell clusters. Based on these known markers, clusters consisting of marginal cells, intermediate cells, basal cells, spindle/root cells, and immune cell types, including macrophages, B cells, and neutrophils, were identified. tSNE plot of P30 mouse SV scRNA-Seq dataset demonstrates clustering of SV cell types (LEFT panel). tSNE plot of P30 mouse SV snRNA-Seq dataset demonstrates clustering of SV cell types with similar identification of cell type-specific clusters (RIGHT panel). (B) Feature plots for P30 SV scRNA-Seq data demonstrate expression of known markers for 4 main SV cell types: marginal cells (Kcne1, Kcnq1), intermediate cells (Cd44, Met), basal cells (Cldn11, Tjp1), and spindle/root cells (Slc26a4). 4 main cell types are highlighted on the inset tSNE plot of the scRNA-Seq dataset. Maximum expression (normalized counts) is noted in the black outlined gray box for each gene in the lower left corner of each feature plot. (C) Grid violin plot of scRNA-Seq dataset demonstrates expression of known marker genes amongst SV cell types. Normalized counts were scaled to a range of 0–1 using min-max scaling. (D) Feature plots for P30 SV snRNA-Seq data demonstrate expression of known markers for 4 main SV cell types: marginal cells (Kcne1, Kcnq1), intermediate cells (Cd44, Met), basal cells (Cldn11, Tjp1), and spindle/root cells (Slc26a4). 4 main cell types are highlighted on the inset tSNE plot of the snRNA-Seq dataset. Maximum expression (normalized counts) is noted in the black outlined gray box for each gene in the lower left corner of each feature plot. (E), Grid violin plot of snRNA-Seq dataset demonstrates expression of known marker genes amongst SV cell types. Normalized counts were scaled to a range of 0–1 using min-max scaling. (F) Validation of known gene expression was performed using single molecule fluorescent in situ hybridization (smFISH) and fluorescence immunohistochemistry. Known marginal cell-specific transcripts (Kcne1, Kcnq1) and intermediate cell-specific transcripts (Cd44, Met) are co-localized by smFISH. Yellow dashed lines outline the SV marginal cell layer showing Kcnq1 transcript expression in marginal cells with DAPI to label nuclei. Yellow dashed lines outline the SV intermediate cell layer in the image with DAPI only. CLDN11 and ZO-1 (protein product of Tjp1) are localized to the basal cell layer with anti-CD44 and anti-KCNJ10 immunostaining to label the adjacent intermediate cell layer for contrast, respectively. Finally, Slc26a4 transcripts are localized to the spindle/root cells by smFISH. Yellow dashed lines in the image to the right with only the DAPI labeling demarcate the SV and spindle cells (SpC) and root cells (RC) in the spiral prominence (SP) are identified. DAPI (4′,6-diamidino-2-phenylindole). All scale bars 10 μm.




Novel Cell Type-Specific Genes Are Identified by scRNA-Seq and snRNA-Seq of the Adult Stria Vascularis (SV)

Based on the transcriptional profiles, novel cell type-specific genes were identified and validated in adult SV. Feature plots demonstrate expression of selected novel candidate genes in marginal cells (Abcg1, Heyl), intermediate cells (Nrp2, Kcnj13), basal cells (Sox8, Nr2f2), and spindle/root cells (P2rx2, Kcnj16) in both scRNA-Seq and snRNA-Seq datasets, respectively (Figures 3A,C). Violin plots demonstrate the relative expression of these novel SV cell type-specific genes across the 4 main cell types (Figures 3B,D). The violin plots highlight aspects of shared gene expression between marginal cells and spindle cells amongst the selected candidate genes. This trend of shared gene expression was observed between marginal and spindle cells in terms of shared groups of genes (Supplementary Figure S4). Representative images depict co-expression of candidate gene RNA by smFISH in marginal cells (Abcg1, Heyl), intermediate cells (Nrp2, Kcnj13), basal cells (Sox8, Nr2f2) and spindle/root cells (P2rx2, Kcnj16) (Figures 3E,F). None of these gene transcripts have been previously identified in the mammalian SV. A discussion of the novel genes identified in this study is provided (Supplementary Data and Methods). Quantitation of novel cell type-specific transcript expression demonstrated transcript expression of these candidate genes in their respective cell type-specific nuclei (Supplementary Figure 5A).
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FIGURE 3. Single cell and single nucleus transcriptome profiles reveal common novel cell type-specific genes in the adult stria vascularis. (A) Feature plots for P30 SV scRNA-Seq data demonstrate expression of novel markers for 4 main SV cell types: marginal cells (Abcg1, Heyl), intermediate cells (Nrp2, Kcnj13), basal cells (Sox8, Nr2f2), and spindle/root cells (P2rx2, Kcnj16). Maximum expression (normalized counts) is noted in the black outlined gray box for each gene in the lower left corner of each feature plot. Spindle/root cell clusters are delineated by red circles. (B) Grid violin plot of scRNA-Seq dataset demonstrates expression of novel marker genes amongst SV cell types. Normalized counts were scaled to a range of 0–1 using min-max scaling. (C) Feature plots for P30 SV snRNA-Seq data demonstrate expression of novel markers for 4 main SV cell types: marginal cells (Abcg1, Heyl), intermediate cells (Nrp2, Kcnj13), basal cells (Sox8, Nr2f2), and spindle/root cells (P2rx2, Kcnj16). Maximum expression (normalized counts) is noted in the black outlined gray box for each gene in the lower left corner of each feature plot. Spindle/root cell clusters are delineated by red circles. (D) Grid violin plot of snRNA-Seq dataset demonstrates expression of novel marker genes amongst SV cell types. Normalized counts were scaled to a range of 0 to 1 using min-max scaling. (E) Validation of known gene expression was performed using single molecule fluorescent in situ hybridization (smFISH). Novel marginal cell-specific transcript (Abcg1, Heyl) expression in red is demonstrated in and around the marginal cell nuclei on the apical surface of the marginal cells. Novel intermediate cell-specific transcript (Nrp2, Kcnj13) expression in red is co-expressed with Kcnj10 and Cd44 transcripts in green, respectively. Novel basal cell-specific transcript (Sox8, Nr2f2) expression in red is localized to the basal cell layer. Yellow dashed lines in the images with only the DAPI labeling for nuclei demarcate the respective cell layers (marginal, intermediate and basal cell layers). (F) Novel spindle/root cell-specific transcripts, P2rx2 (in red) and Kcnj16 (in green) are co-expressed with Slc26a4 transcripts to spindle and root cells (left panel). The same image without the Slc26a4 (blue) channel (center panel) and without DAPI (right panel) are shown. Note the slightly different distributions in P2rx2 (red) versus Kcnj16 (green) transcripts amongst spindle and root cells, respectively. Yellow dashed lines demarcate the SV, spindle cells (SpC) and root cells (RC) in the spiral prominence (SP). DAPI (4′,6-diamidino-2-phenylindole). All scale bars 10 μm.




Defining Potential Gene Regulatory Networks in SV Marginal, Intermediate and Basal Cells

Focusing on strial marginal, intermediate and basal cells, we sought to identify cell type-specific gene regulatory networks that might serve as a basis for investigating mechanisms related to strial function and eventually on strial dysfunction in human disorders. To identify these potential gene regulatory networks in the adult mouse, two methods (WGCNA, SCENIC) of unbiased gene regulatory network identification were utilized as described previously. WGCNA identifies modules of co-expressed genes without making a link between transcription factors and co-expressed genes. In doing so, WGCNA casts a wider net as it relates to co-expression analysis, potentially identifying indirectly linked genes in a regulatory network. Conversely, SCENIC identifies regulons composed of co-expressed transcription factors and their downstream targets as determined by motif enrichment. This approach identifies transcription factors with potentially directly linked genes in a regulatory network.


WGCNA Identifies Cell Type-Specific Gene Regulatory Networks in the Adult Stria Vascularis

Topological overlap (TOM) plots for scRNA-Seq and snRNA-Seq datasets from the adult SV demonstrate clustering of gene modules identified in WGCNA (Figure 4A). The more red a box is, the higher the Pearson correlation coefficient is between modules. The adjacency plots take this adjacency matrix and display highly correlated gene modules (Figure 4B and Supplementary Figures S6, S7). Cell type-specific modules for marginal, intermediate and basal cells were reprojected onto the feature plots for each dataset (Figure 4C). The top gene ontology (GO) biological process, cellular component and molecular function are summarized in Supplementary Figure S8. Supplementary Tables containing all GO terms (biological process, cellular component, and molecular function) with adjusted p-values and the associated combined score are provided for the WGCNA modules grouped by cell type-specificity to the three major SV cell types (marginal, intermediate, and basal cells) are provided in the Supplementary Tables S3–S5.
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FIGURE 4. Gene regulatory network inference using weighted gene co-expression network analysis (WGCNA) reveals cell type-specific modules. (A) Topological overlay map (TOM) plots demonstrate clustering of potential gene regulatory networks consisting of co-expressed genes termed modules arrayed along the horizontal and vertical axis. The more red a box is, the higher the Pearson correlation coefficient is between the respective modules. TOM plots are shown for the scRNA-Seq (LEFT) and snRNA-Seq (RIGHT) datasets. (B) Adjacency plots display highly correlated modules in the scRNA-Seq dataset (LEFT panel). The more red a box is, the more similar the 2 intersecting modules are to each other. Note that in the snRNA-Seq dataset (RIGHT panel), the correlation between modules is minimal. Using known cell type-specific marker genes, we focused on the cell type-specific modules identified in the scRNA-Seq dataset. (C) Cell type-specific WGCNA modules were then projected onto the scRNA-Seq feature plot to demonstrate aggregate cell type-specificity of these WGCNA modules for the three major cell types (marginal, intermediate, and basal cells). The more red a dot is in the feature plot, the greater the aggregate expression of the cell type-specific modules in that given cell.


GO biological process analysis revealed a significant enrichment for genes involved in positive regulation of potassium ion transport (GO:1903288) in SV marginal cells and regulation of potassium ion transport by positive regulation of transcription from RNA polymerase II promoter (GO:0097301) for SV intermediate cells. Additionally, GO biological process analysis revealed a significant enrichment in genes involved in protein stabilization (GO:0050821), neutrophil degranulation (GO:0043312), and positive regulation of rhodopsin gene expression (GO:0045872) in SV marginal, intermediate, and basal cells, respectively. GO molecular function analysis revealed a significant enrichment for genes involved in calcium-transporting ATPase activity (GO:0005388) and translation factor activity, RNA binding (GO:0008135) in SV marginal and intermediate cells, respectively. GO molecular function analysis did not reveal a significantly enriched process in SV basal cells. GO cellular component analysis revealed a significant enrichment for genes involved in G-protein coupled receptor complex (GO:0097648), interleukin-28 receptor complex (GO:0032002), and platelet alpha granule lumen (GO:0031093) for SV marginal, intermediate, and basal cells, respectively. Overall, these analyses affirm the importance of ion homeostasis amongst marginal and intermediate cells and suggest functions related to the immune system (neutrophil degranulation, interleukin-28 receptor complex).



SCENIC Identifies Cell Type-Specific Gene Regulatory Networks in the Adult Stria Vascularis

TSNE plots demonstrate a comparison between principal component analysis (PCA)-based clustering within Seurat and regulon-based clustering within SCENIC for both scRNA-Seq in the upper panel (Figure 5A) and snRNA-Seq in the lower panel (Figure 5B). Regulon-based clustering within SCENIC identifies similar clusters to those seen within Seurat based on PCA. Display of regulon activity matrix for both scRNA-Seq and snRNA-Seq datasets demonstrates cell type-specific regulons prominently within marginal, intermediate and basal cells in pink, green and blue, respectively (Figure 5C). The top gene ontology (GO) biological process, cellular component and molecular function are summarized in Supplementary Figure S6. Supplementary Tables containing all GO terms (biological process, cellular component, and molecular function) with adjusted p-values and the associated combined score are provided for the SCENIC regulons grouped by cell type-specificity to the three major SV cell types (marginal, intermediate, and basal cells) are provided in the Supplementary Tables S6–S8.
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FIGURE 5. Gene regulatory network inference with SCENIC reveals cell type-specific SCENIC regulons in both scRNA-Seq and snRNA-Seq datasets. (A) Unbiased clustering in Seurat (left panel) is similar to regulon-based clustering in SCENIC (right panel) for the scRNA-Seq dataset, resulting in the identification of the same cell type-specific clusters. (B) Unbiased clustering in Seurat (left panel) is similar to regulon-based clustering in SCENIC (right panel) for the snRNA-Seq dataset, resulting in the identification of the same cell type-specific clusters. (C) Regulon heatmaps display cell type-specific regulons identified from both the scRNA-Seq (left panel) and snRNA-Seq (right panel) datasets. Cells grouped by cell type are displayed along the horizontal axis and regulons organized by hierarchical clustering are displayed along the vertical axis. Esrrb (pink box) and Bmyc (green box) regulons are demarcated in both datasets (regulon labels to right of heatmap. Legend demonstrating the binarized regulon activity score (scaled as 0 or 1) is shown to right of both heatmaps.


GO biological process analysis for all SV cells reveals a significant enrichment for genes involved in the regulation of transcription from RNA polymerase II promoter (GO:0006357). GO molecular function analysis revealed a significant enrichment for genes involved in protein kinase activity (GO:0019901) and calcium channel regulator activity (GO:0005246) in SV marginal cells, for genes involved in RNA polymerase II regulatory region sequence-specific DNA binding (GO:0000977) and proton-transporting ATPase activity, rotational mechanism (GO:0046961) in SV intermediate cells, and for genes involved in RNA binding (GO:0003723) and phosphatidylinositol phosphate kinase activity (GO:0016307) in SV basal cells. GO cellular component analysis reveals a significant enrichment for genes related to mitochondrion (GO:0005739) and ruffle membrane (GO:0032587) in marginal cells, lysosome (GO:0005764) and late endosome (GO:0005770) in intermediate cells, and focal adhesion (GO:0005925) and actin cytoskeleton (GO:0015629) in SV basal cells. In addition to regulation of ion homeostasis and pH, these analyses provide some insight into additional functions and processes in which SV cell types play a role.



Gene Regulatory Network Extent Appears Related to the Number of Genes Detected per Cell or Nucleus

scRNA-Seq and snRNA-Seq datasets are subject to a phenomenon called “dropout” or detection bias, where expression of a gene may be observed in one cell but is not detected in another cell of the same type (Kharchenko et al., 2014). This phenomenon results from a combination of the low amounts of mRNA in individual cells, inefficient mRNA capture, and the stochastic nature of mRNA expression. Because of this, scRNA-Seq and snRNA-Seq datasets exhibit a high degree of sparsity resulting in the detection of a small fraction of the transcriptome in a given cell. In comparing the effect of detection bias in our scRNA-Seq and snRNA-Seq datasets, we made several observations with respect to the ability to identify potential gene regulatory networks (GRNs) and identify clusters of cells.

In general, the number of genes detected per cell was greater than the genes detected per nucleus (Figure 6A). When examining genes detected amongst cell type-specific cells or nuclei (marginal, intermediate, or basal cells), this observation remained consistent (Figure 6A). In contrast, there was a greater number of genes that demonstrated significant differential expression among the three major cell types in the snRNA-Seq dataset (Figure 6B). Examining the gene expression amongst cell type-specific WGCNA modules (gene regulatory networks of co-expressed genes not linked by transcription factors) revealed a trend toward a greater number of genes detected in the scRNA-Seq dataset (Figure 6C). An exception is that the number of marginal cell-specific WGCNA module genes per cell are lower than those detected in the nucleus data set. A technical explanation for this may be that in WGCNA analysis, genes can only be assigned to one module of co-expressed genes, which may ignore the reality that certain genes may be shared in both marginal and intermediate cells. A more detailed discussion of the potential reasons behind this observation is provided in the Supplementary Data and Methods. This observation of the greater number of detected genes in the single cell dataset became more definitive when examining gene expression amongst cell type-specific SCENIC regulons (gene regulatory networks of co-expressed genes linked by a common transcription factor) (Figure 6D). As a whole, these data suggest that gene regulatory network inference may be dependent on the number of genes detected per cell or nucleus and that nuclei-based approaches may allow for the detection of more differentially expressed genes in certain contexts.
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FIGURE 6. Cell type-specific gene expression comparison between scRNA-Seq and snRNA-Seq. (A) Violin plots to left in upper (scRNA-Seq) and lower (snRNA-Seq) panels show the distribution of the number of genes per cell (upper panel) or nuclei (lower panel) along the vertical axis. In general, transcriptome profiles from cells exhibited a greater number of genes per cell than transcriptome profiles from nuclei. This trend continued as expected when looking at cell type-specific gene expression in marginal, intermediate, and basal cells in the panels to the right in both scRNA-Seq (upper panel) and snRNA-Seq (lower panel). (B) Cell type-specific expression of differentially expressed genes (DEGs) was lower in the scRNA-Seq data compared to the snRNA-Seq data in marginal, intermediate, and basal cells. nGene refers to number of differentially expression genes. (C) Gene counts for WGCNA cell type-specific modules did not demonstrate a consistent relationship between scRNA-Seq and snRNA-Seq datasets. (D) Gene counts for SCENIC cell type-specific regulons in general demonstrated a higher gene count per cell type in scRNA-Seq compared to snRNA-Seq. nGene (# of genes).




Validation of Selected Marginal Cell- and Intermediate Cell-Specific SCENIC Regulons

In order to begin to identify critical gene regulatory networks, we identified cell type-specific SCENIC regulons identified in common between both the scRNA-Seq and snRNA-Seq datasets. We then examined these common regulons and utilized the regulon components identified in the single cell RNA-Seq dataset. Based on these parameters, two cell type-specific regulons were selected for further validation of the gene regulatory network inference approach. The estrogen-related receptor beta (Esrrb) regulon, a marginal cell-specific regulon, and the brain expressed myelocytomatosis oncogene (Bmyc), an intermediate cell-specific regulon, were selected for further analysis. Mutations in Esrrb result in autosomal recessive sensorineural hearing loss (DFNB35) (Collin et al., 2008) and missense mutations have recently been implicated in Meniere’s disease (Gallego-Martinez et al., 2019). Bmyc has not previously been characterized as having a role in inner ear pathology or hearing loss. Selected regulons were screened for transcription factor targets with available smFISH probes, resulting in a small subset of genes from these regulons being selected.

Direct gene targets for Esrrb selected for validation with smFISH were Abcg1, Heyl, and Atp13a5. The gene activity plot shows the composite expression of the Esrrb regulon in SV marginal cells (Figure 7A). Binding motifs for Esrrb in each of the respective downstream targets (Abcg1, Heyl, Atp13a5) are shown (Figure 7B). Feature plots demonstrating RNA expression for Abcg1 and Heyl have been previously shown in Figures 3A,C. Feature plots demonstrate RNA expression for Esrrb and Atp13a5 in marginal cells (Figure 7C). smFISH demonstrates co-expression of Esrrb with each downstream target protein in SV marginal cells (Figure 7D). Using a custom MATLAB script to perform semiautomated quantitation of smFISH transcripts (see Supplementary Data and Methods), Abcg1, Atp13a5, and Heyl transcripts were noted to be co-expressed in over 90% of Esrrb-expressing nuclei (Supplementary Figure S5B).
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FIGURE 7. Validation of Esrrb regulon. (A) Gene set activity plot displays Esrrb regulon expression in scRNA-Seq dataset. The more red a dot is, the greater the regulon activity in that given cell. (B) Esrrb binding motifs for Esrrb downstream targets (Abcg1, Atp13a5, Heyl). (C) Feature plots demonstrating expression of Esrrb and Atp13a5 in the marginal cell cluster in the scRNA-Seq dataset. Maximum expression (normalized counts) is noted in the black outlined gray box for each gene in the lower left corner of each feature plot. Histogram is depicted from 0 to maximum (Max) in terms of normalized counts. Feature plots for Abcg1 and Heyl have been shown previously in Figure 3. (D) smFISH demonstrates co-expression of Abcg1, Atp13a5, and Heyl transcripts in red with Esrrb transcripts in green in marginal cells on representative cross-sections of the P30 mouse SV. Panels to left depict Esrrb transcripts (green) and downstream target transcripts (red) with DAPI. Panels to the right depict Esrrb transcripts (green) and downstream target transcripts (red) without DAPI. DAPI (4′,6-diamidino-2-phenylindole). All scale bars 20 μm.


Direct gene targets for Bmyc selected for validation with smFISH were Cd44, Met, Pax3. The gene activity plot shows the composite expression of the Bmyc regulon in SV intermediate cells (Figure 8A). Binding motifs for Bmyc in each of the respective downstream targets (Cd44, Met, Pax3) are shown (Figure 8B). Feature plots demonstrating RNA expression for Cd44 and Met in both scRNA-Seq and snRNA-Seq datasets have been previously shown in Figures 2B,D. Feature plots demonstrate RNA expression for Bmyc and Pax3 in intermediate cells (Figure 8C). smFISH demonstrates Bmyc co-expression with each downstream target protein in SV intermediate cells (Figures 8D,E). Overall, the co-expression of transcription factors with their downstream targets demonstrates the strength of the SCENIC-based approach for gene regulatory network inference as well as clustering. The identification of regulons provides a starting point for targeted modulation of gene activity within a regulon to elucidate the role of the regulon in SV function. Cd44, Met, and Pax3 transcripts were co-expressed in over 85% of Bmyc-expressing nuclei (Supplementary Figure S5C).
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FIGURE 8. Validation of Bmyc regulon. (A), Gene set activity plot displays Bmyc regulon expression in scRNA-Seq dataset. The more red a dot is, the greater the regulon activity in that given cell. (B) Bmyc binding motifs for Bmyc downstream targets (Cd44, Met, Pax3). (C) Feature plots demonstrating expression of Bmyc and Pax3 in the intermediate cell cluster of the scRNA-Seq dataset. Maximum expression (normalized counts) is noted in the black outlined gray box for each gene in the lower left corner of each feature plot. Histogram is depicted from 0 to maximum (Max) in terms of normalized counts. Feature plots for Cd44 and Met have been shown previously in Figure 2. (D) smFISH demonstrates co-expression of Cd44, Met, and Pax3 transcripts in red with Bmyc transcripts in green in intermediate cells on representative cross-sections of the P30 mouse SV. Panels to left depict Bmyc transcripts (green) and downstream target transcripts (red) with DAPI. Panels to the right depict Bmyc transcripts (green) and downstream target transcripts (red) without DAPI. DAPI (4’,6-diamidino-2-phenylindole). White arrows point to examples of intermediate cells that exhibit both Bmyc and downstream target transcript expression. In the panels without DAPI, examples of cells that exhibit co-expression of Bmyc (green) and downstream target transcripts (red) are encircled with dashed yellow lines. All scale bars 20 μm. (E) Enlarged images of example cells from (D) are shown. White arrows in (E) point to encircled cells from (D).




Pharos Analysis Identifies Druggable Gene Targets in Cell Type-Specific Regulons

With regards to modulation of gene activity within a regulon, Pharos, a database of druggable gene targets, provides an opportunity to identify FDA-approved drugs and small molecules that could potentially be utilized to modulate gene expression7. Analysis with Pharos identified FDA-approved drugs with known activities against cell type-specific regulon targets. The analysis was focused on Tclin targets, which are genes whose expression can be altered by a known mechanism of action of an FDA-approved drug. As an example of this approach, the previously described Esrrb and Bmyc regulons were utilized to construct a network diagram of their direct druggable targets. Direct druggable target genes of the Esrrb and Bmyc regulons are shown (Figures 9A,B, respectively). For the purposes of simplifying the display, activators included receptor agonists, enzyme activators, and ion channel openers. Inhibitors included receptor antagonists, receptor inverse agonists, enzyme inhibitors, and ion channel blockers. These drugs represent potential mechanisms by which strial function might be modulated. Drugs for Adrb2 and Maoa genes are provided in Supplementary Figure S9.
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FIGURE 9. Analysis with Pharos reveals druggable gene targets in the Esrrb and Bmyc regulons. Pharmacologic drug classes are shown in lower left corner including enzyme, G-protein coupled receptor (GPCR), ion channel, receptor, and kinase. FDA-approved drugs are classified as inhibitors (red), activators (green), or unknown (gray). (A) Druggable gene targets in the Esrrb regulon. Analysis identified 13 druggable genes with 25 FDA-approved drugs. (B) Druggable gene targets in the Bmyc regulon. Analysis identified 13 druggable genes with 68 FDA-approved drugs. Drugs for Adrb2 and Maoa genes are provided in Supplementary Figure S9.


For example, in the Esrrb regulon, studies suggest that estrogen (estradiol) may have a role in hearing protection (Wijayaratne and McDonnell, 2001; Milon et al., 2018; Williamson et al., 2019). Milon et al. (2018) have suggested the possibility of utilizing estrogen signaling pathway effectors for hearing protection. In the Bmyc regulon, both metformin and acetazolamide have been associated with attenuation of hearing loss in certain settings (Sepahdari et al., 2016; Wester et al., 2018; Chen et al., 2019; Muri et al., 2019). Metformin, which inhibits Ndufb2, may reduce the incidence of sudden sensorineural hearing loss amongst diabetic patients (Chen et al., 2019; Muri et al., 2019). While the effects of acetazolamide in treating hearing loss associated with Meniere’s disease appear to be temporary (Hoa et al., 2015; Crowson et al., 2016), recent reports suggest some utility in sudden sensorineural hearing loss associated with PDE5 inhibitors (Wester et al., 2018).



Deafness Gene Mapping Suggests a Role for SV Cell Types in Human Deafness

Finally, we screened the cellular transcriptomes from our scRNA-Seq and snRNA-Seq datasets for genes associated with human hearing loss. The database of deafness genes was constructed from resources including the Hereditary Hearing Loss Homepage as previously described (Shearer et al., 1993; Azaiez et al., 2018). Heatmaps showing gene expression for known deafness genes in the P30 SV are shown in Figure 10. Expression data corresponding to P30 SV scRNA-Seq is shown in the left heatmap (Figure 10A) and expression data corresponding to P30 SV snRNA-Seq is show in the right heatmap (Figure 10B). Known deafness genes are displayed along the vertical axis and SV cell types are displayed horizontally with marginal cells in pink, intermediate cells in green, basal cells in blue, and spindle cells in yellow.
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FIGURE 10. Deafness gene mapping of adult stria vascularis single cell and single nucleus transcriptomes associates SV cell types with deafness genes. Cell types are arrayed along the horizontal axis and grouped according to cell types. Deafness genes are arrayed along the vertical axis. Deafness genes were grouped according to how specific their expression seemed to be in a given cell type. Genes with less cell type-specific expression were placed lower in the list of genes. (A) Expression level in normalized counts for each deafness gene (each row) across all cells in the adult SV scRNA-Seq dataset. (B) Expression level in normalized counts for each deafness gene (each row) across all cells in the adult SV snRNA-Seq dataset.


We identify a subset of deafness genes that are expressed in adult SV cell types. Deafness genes expressed in marginal cells include Lrp2, Esrrb, Hgf, Kcnq1, Kcne1, Ror1, and Eya4 (Wayne, 2001; Wangemann, 2002; Zhang et al., 2004; Collin et al., 2008; König et al., 2008; Schultz et al., 2009; Khalifa et al., 2015; Faridi et al., 2019). Deafness genes expressed in intermediate cells include Met, Pde1c, and Pax3 (Tassabehji et al., 1993; Bondurand, 2000; Mujtaba et al., 2015; Wang et al., 2018). Col11a2 appears to be specifically expressed in SV basal cells (McGuirt et al., 1999). In addition to Slc26a4, deafness genes expressed in spindle cells include Ceacam16, Cldn14, and P2rx2 (Wilcox et al., 2001; Ben-Yosef et al., 2003; Zheng et al., 2011; Faletra et al., 2014; Naz et al., 2017; Zhu et al., 2017; Booth et al., 2018). More importantly, these data demonstrate the possibility that some of these deafness genes affect multiple SV cell types, as in the case of Mitf and Sox10, which are expressed in both intermediate and marginal cells (Bondurand, 2000). Both genes are known to be expressed by neural crest cells (Potterf et al., 2001; Sommer, 2011; Locher et al., 2015). Circumstantial evidence for the origin of strial marginal cells from otic epithelium (Kikuchi and Hilding, 1966; Sher, 1971; Kuijpers et al., 1991; Sagara et al., 1995; Birkenhäger et al., 2001) and strial intermediate cells from neural crest cells (Steel and Barkway, 1989; Cable and Steel, 1991; Cable et al., 1992; Tachibana, 1999, 2001) has been previously supported by histochemical and immunohistochemical analyses. The role of genes expressed by neural crest cells in cells not thought to be of neural crest cell origin remains to be determined. Whether other cell types in the SV derive from neural crest cells remains to be determined by further lineage tracing experiments and have not been shown in more recent lineage tracing experiments (Shibata et al., 2016). The contribution of neurocristopathies to hearing loss is a developing area of research (Hao et al., 2014; Locher et al., 2015; Shibata et al., 2016; Ritter and Martin, 2019). Another example of hearing loss where multiple cell types may be affected includes Connexin 26 and 30 encoded by Gjb2 and Gjb6, respectively, which appear to be expressed in intermediate and basal cells and, to a lesser extent, marginal cells (Figure 10) (Lang et al., 2007; Nickel and Forge, 2008; Liu et al., 2009; Mei et al., 2017). These data reveal expression of a subset of human deafness genes in SV cell types and define potential opportunities for further investigation into the function of these genes in the SV.



DISCUSSION

Dual methodologies were used to develop an atlas of adult SV cell type transcriptional profiles, the most comprehensive to date. Specifically, the use of dual RNA-Seq methodologies (scRNA-Seq and snRNA-Seq) revealed similar adult SV cell type-specific transcriptional profiles. Furthermore, we demonstrate the utility of applying dual gene regulatory network inference methodologies to both corroborate cell type heterogeneity as well as define potentially critical gene regulatory networks. We provide examples of how this resource can be harnessed to identify and confirm cell type-specific gene regulatory networks, identify druggable gene targets, and implicate SV cell types in syndromic and non-syndromic hereditary deafness. We now define the implications of these data for: (1) using and developing mouse models to define the contribution of each SV cell type to SV function and hearing at the level of gene expression, (2) understanding ion homeostatic mechanisms broadly in the inner ear, (3) contributing to efforts to develop targeted SV gene therapy through the use of cell type-specific promoters, (4) identifying druggable gene targets and the potential for repurposing existing pharmacotherapies to treat inner ear disease, and (5) use of these data to identify cell type-specific contributions to disease.


Implications for Mouse Model Development to Enhance Our Understanding of Cell Type-Specific Mechanisms Related to the Loss of EP and Hearing Loss

In characterizing adult SV cellular heterogeneity using transcriptional profiling, these data provide opportunities to study adult SV cell type-specific mechanisms that contribute to EP generation and whose dysfunction results in hearing loss. Novel cell type-specific gene expression allows for the identification of existing inducible cell type-specific Cre-recombinase mouse models as well as the development of novel inducible mouse models. These mouse models will be critical to studying the effects of gene deletion in adult SV cell types, enabling a separation from the effects of gene deletion in the SV during inner ear development. Genetic mutations that affect the SV result in hearing loss that is characterized by an initial loss of EP followed by a delayed loss of hair cells (Liu et al., 2016; Huebner et al., 2019). Interpretation of the results observed in these existing mouse models is complicated by the developmental effects of genes critical to EP generation (Liu et al., 2016; Huebner et al., 2019). Conversely, mouse models of SV age-related hearing loss are complicated by incompletely defined mechanisms and time windows which make for challenging experimental conditions (Ohlemiller, 2009). Thus, the exact timing and mechanisms associated with a permanent loss of hair cells that follow the loss of EP remain incompletely defined. Use of inducible mouse models may enable insight into the timing of these mechanisms as well as insight into possible mechanisms. Understanding the critical time window for intervention as well as potential targeted interventions that might slow, halt or reverse the effects of EP loss will contribute to development of therapeutic approaches to hearing loss due to SV dysfunction.



Implications for Understanding Ionic Homeostasis in the Inner Ear

SV cell type-specific gene regulatory networks include genes critical to EP generation and ion homeostasis and as a result provide a window into inner ear ion homeostatic mechanisms. Insight into these ion homeostatic mechanisms may be important to understanding their functional contribution to hearing and hearing loss (Nickel and Forge, 2008; Zdebik et al., 2009). These gene regulatory networks within the unperturbed wild type adult mouse SV establish a basis for identifying and interpreting changes in these networks in disease settings including, but not limited to, Meniere’s disease (Ishiyama et al., 2007; Collin et al., 2008; Kariya et al., 2009), autoimmune inner ear disease (Calzada et al., 2012), cisplatin-induced hearing loss (Breglio et al., 2017; Rybak et al., 2019), and enlarged vestibular aqueduct syndrome (Miyagawa et al., 2014; Ito et al., 2015).

While the consequences of dysfunctional ion homeostasis to human hearing loss are incompletely understood, ion homeostasis appears to be critical, as evident by the number of deafness genes encoding ion channels and transporters, many of which are expressed in the SV (Mittal et al., 2017). While this study demonstrates expression of these ion channels in SV cells in the cochlea, there are quite a few examples of marginal cell-specific genes that are also expressed in the vestibular portion of the inner ear (Wangemann, 1995; Chen and Nathans, 2007; Bartolami et al., 2011). The consequences of dysfunctional ion homeostasis on vestibular function remain incompletely characterized (Jones and Jones, 2014). Thus, insights gained in understanding the mechanisms regulating ion homeostasis in the SV will apply to other regions of the inner ear. The co-occurrence of hearing loss and renal disease resulting from mutations in channel and transporter genes suggests that understanding ion homeostasis in the inner ear may have broader implications to dysfunctional ion homeostasis and human disease (Lang et al., 2007).



Implications for Targeting Gene Therapy to SV Cell Types

Cell type-specific genes could be utilized to create viral vectors with cell type-specific promoters for improved therapeutic targeting to the SV. This idea is not without precedent as cell type-specific promoters have been utilized in the brain, retina and inner ear to target specific groups of cells (Praetorius et al., 2010; Kim et al., 2013; Ingusci et al., 2019; McDougald et al., 2019). Furthermore, some recent adoptive immunotherapy trials using a cell type-specific promoter for melanoma already suggest the possibility for this in relation to the SV (Johnson et al., 2009; Seaman et al., 2012; Duinkerken et al., 2019). Specifically, these studies utilized adoptive immunotherapy using T cell receptors (TCRs) targeting MART-1, a known melanoma-associated antigen, which resulted in sensorineural hearing loss that in some cases was ameliorated by local steroid administration (Johnson et al., 2009). SV melanocytes arise from neural crest cells that migrate into the SV during development (Hilding and Ginzberg, 1977; Steel and Barkway, 1989; Cable and Steel, 1991; Cable et al., 1992; Tachibana, 1999, 2001; Matsushima et al., 2002; Shibata et al., 2016). SV melanocytes represent the future intermediate cells (Steel and Barkway, 1989; Cable and Steel, 1991; Cable et al., 1992; Shibata et al., 2016). These studies suggest the possibility that vectors utilizing the gene that encodes MART-1, Melan-A (Mlana), may be an effective promoter for targeting gene therapy to SV intermediate cells.

Alternatively, gene therapy for non-syndromic sensorineural hearing loss may entail targeting multiple cell types. For example, we demonstrate the expression of Gjb2 and Gjb6, which encode connexin 26 and connexin 30 proteins, respectively, in SV intermediate, basal and to a lesser extent, marginal cells (Figure 10) (Lang et al., 2007; Nickel and Forge, 2008; Liu et al., 2009). Mutations in Gjb2 and Gjb6 followed by digenic mutations in these genes are among the most common causes of non-syndromic autosomal recessive sensorineural hearing loss (SNHL) in many populations around the world (Lerer et al., 2001; Del Castillo et al., 2002; Pallares-Ruiz et al., 2002; Stevenson et al., 2003; Wu et al., 2003; Bolz et al., 2004; Frei et al., 2004; Gualandi et al., 2004; Nickel and Forge, 2008; Batissoco et al., 2009; Chan et al., 2010; Asma et al., 2011; Da Silva-Costa et al., 2011; Mei et al., 2017). Mei et al. (2017) demonstrate that the loss of Gjb2 and Gjb6 in the SV and lateral wall result in a loss of EP and hearing loss while the loss of Gjb2 and Gjb6 in cochlear supporting cells does not. These data identify the loss of these genes in the SV as principal drivers of hearing loss in digenic Gjb2 and Gjb6 mutations. Use of SV promoters that may be capable of targeting multiple SV cell types including Mitf or Sox10 could be utilized in future therapeutic attempts (Figure 10) (Hao et al., 2014; Walters and Zuo, 2015).



Implications for Pharmacologic Targeting of SV Cell Types

Our analyses utilizing parallel gene regulatory network inference methods (WGCNA and SCENIC) combined with a search for druggable gene targets utilizing Pharos8 suggest a possible translational approach to utilizing scRNA-Seq and snRNA-Seq datasets (Langfelder and Horvath, 2008; Aibar et al., 2017; Nguyen et al., 2017). Through this approach, we identify genes for which FDA-approved drugs have a known effect. This agnostic in silico approach can potentially be utilized to identify FDA-approved medications that could be repurposed or repositioned to treat diseases in the inner ear as has been done in other areas of human disease including neurodegenerative diseases, cancer, and autoimmune disease (Ferrero and Agarwal, 2018; Paranjpe et al., 2019). This may be particularly useful in hearing and balance disorders that are characterized by onset of symptoms in adulthood (i.e., autoimmune inner ear disease, Meniere’s disease). We acknowledge that there are many methods to identify drugs for repurposing or repositioning, including in silico methods, which have been reviewed elsewhere (Li et al., 2016; Vanhaelen et al., 2017; Ferrero and Agarwal, 2018). However, our analyses highlight the potential use of the data for drug repurposing approaches.



Implications for Identifying Cell Type-Specific Contributions to Disease

Finally, as we have alluded to previously, scRNA-Seq and snRNA-Seq approaches could potentially be utilized to associate changes in gene expression in human disease with cell types in a given tissue (Skene and Grant, 2016). Skene and Grant (2016) associated cell types with human disease by comparing human disease expression datasets for Alzheimer’s disease, autism, schizophrenia, and multiple sclerosis to single cell transcriptional profiles from the mouse cortex and hippocampus. In a similar fashion, single cell and single nucleus transcriptome profiles, like the resource we have developed for the adult SV, might be utilized to associate cell types to inner ear diseases. For example, in Meniere’s disease, while no single gene has been conclusively implicated in the disease, the association of gene mutations with cell type-specific expression might provide some clues to the involved cell type or types (Chiarella et al., 2015; Lopez-Escamez et al., 2018). Mutations in both Kcne1 and Esrrb have been identified in patients with Meniere’s disease (Lopes et al., 2016; Dai et al., 2019; Gallego-Martinez et al., 2019). Our data demonstrate expression of these genes in SV marginal cells (Figure 10). It is possible that marginal cells might play a role in the pathophysiology of this disease.

While this is the most comprehensive cell atlas of the adult SV to date, some limitations or caveats are worth mentioning. We did not definitively identify clusters of pericytes or endothelial cells in our dataset and chose to focus our analysis on the four main groups of cells (marginal, intermediate, basal, and spindle cells). Given the lower number of spindle and root cells, we did not definitively distinguish spindle and root cells from each other.

We believe that the utility of these datasets as resources is expansive. These datasets establish a baseline for comparison to effects on the SV related to treatment and provide a resource for identifying cell types associated with human inner ear disease. We show examples of applications of these data, including characterization of homeostatic gene regulatory networks, druggable gene target analysis with Pharos to identify potential repurposing of FDA-approved medications, and provide the most focused screen of deafness gene expression in the SV. These data will serve as a baseline for identifying key regulatory mechanisms related to genetic and acquired hearing loss, as well as, for responses to a variety of pharmacologic treatments.
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FIGURE S1 | Distribution of single cell captures for adult SV scRNA-Seq dataset. Distribution of SV cell captures (S153 in pink, S161 in green, S171 in blue) are equally distributed across all clusters in the scRNA-Seq dataset. S153, S161, and S171 refer to batches collected on separate dates.

FIGURE S2 | Dissociation-induced gene expression in adult mouse SV scRNA-Seq and snRNA-Seq dataset has minimal effect on clustering. (A) Boxplot demonstrating quantification of averaged dissociation-induced gene expression across all cells in the scRNA-Seq dataset (blue box) compared to expression across all nuclei in the snRNA-Seq dataset (orange box). The average dissociation-induced gene expression represents relative level of dissociation-induced gene expression to nuclear loading controls in both single cell and single nucleus datasets. This analysis demonstrates that the level of dissociation-induced gene expression is similar between single cell and single nucleus datasets. See Supplementary Data and Methods for methodology and rationale. Difference in average expression is not statistically significant (p = 0.68). (B) tSNE plots demonstrate clustering of cells and nuclei before and after removal of dissociation artifact and show no difference in the number of clusters.

FIGURE S3 | snRNA-Seq resolves conflicting results in Kcnj10 expression between scRNA-Seq and snRNA-Seq datasets in the adult mouse stria vascularis. (A) Feature plot from scRNA-Seq dataset demonstrating widespread Kcnj10 expression across cell type clusters. (B) Feature plot from snRNA-Seq dataset demonstrating predominant expression of Kcnj10 in the intermediate cell cluster as demarcated in Figure 2A. (C) smFISH demonstrates Kcnj10 transcripts confined to intermediate cells labeled with anti-CD44 immunostaining. DAPI labels nuclei. Scale bar 20 μm.

FIGURE S4 | Shared gene expression between marginal and spindle cells. (A) Candidate genes identified in the scRNA-Seq dataset expressed by marginal (M) and spindle/root (S/R) cells. (B) Candidate genes identified in the snRNA-Seq dataset expressed by marginal (M) and spindle/root (S/R) cells. Intermediate cells (I) and basal cells (B) are denoted by their respective labels. Violin plots are displayed with normalized counts on the vertical axis and cell types arrayed along the horizontal axis.

FIGURE S5 | smFISH quantification of novel cell type-specific genes and regulon transcription factor with select downstream targets in SV cell types. Customized MATLAB code was utilized to determine the expression of novel gene transcripts in SV cell type nuclei and to determine the number of regulon transcription factor transcript-positive nuclei that expressed each of the downstream gene transcripts. (A) The percentage of cell type-specific nuclei labeled with candidate cell type-specific smFISH probes was quantified. Fifty-two of 56 (93%) and 66 of 66 (100%) of marginal cell nuclei expressed Abcg1 and Heyl transcripts, respectively. One hundred thirty seven of 161 (85%) and 170 of 176 (97%) of Kcnj10- and Cd44-expressing intermediate cell nuclei expressed Nrp2 and Kcnj13 transcripts, respectively. 107 of 145 (73%) and 118 of 185 (64%) of basal cell nuclei express Sox8 (n = 145 cells) and Nr2f2 (n = 185 cells) transcripts, respectively. (B) The percentage of Esrrb transcript-positive nuclei expressing each of the downstream gene transcripts (Abcg1, Atp13a5, Heyl) is shown. Fifty-two of 56 (93%) Esrrb transcript-positive nuclei expressed Abcg1. Fifty-nine of 59 (100%) Esrrb transcript-positive nuclei expressed Atp13a5. Sixty-six of 66 (100%) Esrrb transcript-positive nuclei expressed Heyl. (C) The percentage of Bmyc transcript-positive nuclei expressing each of the downstream gene transcripts (Cd44, Met, Pax3) is shown. Forty of 43 (93%) Bmyc transcript-positive nuclei expressed Cd44. Thirty-six of 37 (97%) Bmyc transcript-positive nuclei expressed Met. Thirty-three of 38 (87%) Bmyc transcript-positive nuclei expressed Pax3.

FIGURE S6 | Enlarged image of adjacency plot for the scRNA-Seq dataset from Figure 4B. The more red a box is, the more similar the 2 intersecting WGCNA modules are to each other.

FIGURE S7 | Enlarged image of adjacency plot for the snRNA-Seq dataset from Figure 4B. The more red a box is, the more similar the 2 intersecting WGCNA modules are to each other.

FIGURE S8 | Top gene ontology (GO) terms identified by GO analysis with Enrichr in cell type-specific WGCNA modules and cell type-specific SCENIC regulons. (A) GO biological process, molecular function, and cellular component analysis of WGCNA modules from both the scRNA-Seq and snRNA-Seq datasets reveal gene set enrichment in marginal cells (red), intermediate cells (green), and basal cells (blue). (B) GO biological process, molecular function, and cellular component analysis of SCENIC regulons from both the scRNA-Seq and snRNA-Seq datasets reveal gene set enrichment in marginal cells (red), intermediate cells (green), and basal cells (blue).

FIGURE S9 | Pharos-identified drugs with Adrb2 and Maoa gene activity. Drugs are displayed along with their mechanism of action. Activators are in green and inhibitors are in red.

TABLE S1 | Key resources.

TABLE S2 | Comparison of single-cell RNA-Seq (scRNA-Seq) and single-nucleus RNA-Seq in the adult stria vascularis.

TABLE S3 | Gene Ontology (GO) Analysis of Marginal Cell-Specific WGCNA Modules.

TABLE S4 | Gene Ontology (GO) Analysis of Intermediate Cell-Specific WGCNA Modules.

TABLE S5 | Gene Ontology (GO) Analysis of Basal Cell-Specific WGCNA Modules.

TABLE S6 | Gene Ontology (GO) Analysis of Marginal Cell-Specific SCENIC Regulons.

TABLE S7 | Gene Ontology (GO) Analysis of Intermediate Cell-Specific SCENIC Regulons.

TABLE S8 | Gene Ontology (GO) Analysis of Basal Cell-Specific SCENIC Regulons.

DATA AND METHODS | Comparative advantages between scRNA-seq and snRNA-seq in the adult stria vascularis.


FOOTNOTES

1
https://satijalab.org/seurat/v3.1/pbmc3k_tutorial.html

2
https://hereditaryhearingloss.org/

3
http://amp.pharm.mssm.edu/Enrichr/

4
https://pharos.nih.gov

5
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136196

6
https://umgear.org

7
https://pharos.nih.gov/

8
https://pharos.nih.gov/
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Hair cells sense and transmit auditory, vestibular, and hydrodynamic information by converting mechanical stimuli into electrical signals. This process of mechano-electrical transduction (MET) requires a mechanically gated channel localized in the apical stereocilia of hair cells. In mice, lipoma HMGIC fusion partner-like 5 (LHFPL5) acts as an auxiliary subunit of the MET channel whose primary role is to correctly localize PCDH15 and TMC1 to the mechanotransduction complex. Zebrafish have two lhfpl5 genes (lhfpl5a and lhfpl5b), but their individual contributions to MET channel assembly and function have not been analyzed. Here we show that the zebrafish lhfpl5 genes are expressed in discrete populations of hair cells: lhfpl5a expression is restricted to auditory and vestibular hair cells in the inner ear, while lhfpl5b expression is specific to hair cells of the lateral line organ. Consequently, lhfpl5a mutants exhibit defects in auditory and vestibular function, while disruption of lhfpl5b affects hair cells only in the lateral line neuromasts. In contrast to previous reports in mice, localization of Tmc1 does not depend upon Lhfpl5 function in either the inner ear or lateral line organ. In both lhfpl5a and lhfpl5b mutants, GFP-tagged Tmc1 and Tmc2b proteins still localize to the stereocilia of hair cells. Using a stably integrated GFP-Lhfpl5a transgene, we show that the tip link cadherins Pcdh15a and Cdh23, along with the Myo7aa motor protein, are required for correct Lhfpl5a localization at the tips of stereocilia. Our work corroborates the evolutionarily conserved co-dependence between Lhfpl5 and Pcdh15, but also reveals novel requirements for Cdh23 and Myo7aa to correctly localize Lhfpl5a. In addition, our data suggest that targeting of Tmc1 and Tmc2b proteins to stereocilia in zebrafish hair cells occurs independently of Lhfpl5 proteins.
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INTRODUCTION

The mechano-electrical transduction (MET) complex of sensory hair cells is an assembly of proteins and lipids that facilitate the conversion of auditory, vestibular and hydrodynamic stimuli into electrical signals. Our current understanding is that the proteins of the MET complex consist of the tip link proteins cadherin 23 (CDH23) and protocadherin 15 (PCDH15) at the upper and lower ends of the tip link respectively (Kazmierczak et al., 2007), the pore-forming subunits transmembrane channel-like proteins TMC1 and TMC2 (Kawashima et al., 2011; Pan et al., 2013, 2018), and the accessory subunits transmembrane inner ear (TMIE) and lipoma HMGIC fusion partner-like 5 (LHFPL5) (Xiong et al., 2012; Zhao et al., 2014; Cunningham and Müller, 2019). How these proteins are correctly localized to the sensory hair bundle and assemble into a functional complex is a fundamental question for understanding the molecular basis of how mechanotransduction occurs.

Recent studies have revealed extensive biochemical interactions between the MET complex proteins that are required for the function and/or stable integration of each component in the complex. In particular, LHFPL5 is a central player in MET complex formation, stability, and function. LHFPL5 (a.k.a. tetraspan membrane protein of the hair cell stereocilia/TMHS) is a four transmembrane domain protein from the superfamily of tetraspan junctional complex proteins. This superfamily includes junctional proteins like claudins and connexins, as well as ion channel auxiliary subunits such as transmembrane α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) regulatory proteins (TARPs) and the gamma subunits of voltage gated calcium channels. Pathogenic mutations in LHFPL5 are a cause of non-syndromic sensorineural hearing loss in humans (DFNB67), mice and zebrafish (Nicolson et al., 1998; Longo-Guess et al., 2005; Shabbir et al., 2006; Obholzer et al., 2012). LHFPL5 localizes to the tips of stereocilia (Xiong et al., 2012; Mahendrasingam et al., 2017; Li et al., 2019) where it directly interacts with other MET complex components. Co-immunoprecipitation experiments in heterologous cells suggests that LHFPL5 can directly interact with PCDH15 and TMIE (Xiong et al., 2012; Zhao et al., 2014). A structure of the PCDH15 – LHFPL5 complex has also been reported (Ge et al., 2018).

A precise role for LHFPL5 has yet to be defined. One current hypothesis is that LHFPL5 acts as an auxiliary subunit of the MET channel to stabilize the complex, similar to TARPs and the gamma subunits of voltage-gated calcium channels. In mouse cochlear hair cells, PCDH15 and LHFPL5 require each other for stable localization at the tips of stereocilia (Xiong et al., 2012; Mahendrasingam et al., 2017), consistent with their well-defined biochemical interaction. The partial loss of PCDH15 from the stereocilia explains the observed reduction in the number of tip links and the dysmorphic hair bundles in Lhfpl5–/– hair cells. Interestingly, although experiments have failed to demonstrate a biochemical interaction between LHFPL5 and the TMCs, LHFPL5 is required for the localization of TMC1, but not TMC2, in the hair bundle of mouse cochlear hair cells (Beurg et al., 2015). Consistent with this finding, the researchers identified a residual TMC2-dependent MET current in Lhfpl5 mutant mice. The basis for the selective loss of TMC1 is not known.

In zebrafish, Lhfpl5a plays a similar role in mechanotransduction as its mammalian counterparts. A mutation in zebrafish lhfpl5a was reported in a forward genetic screen for genes required for hearing and balance (Nicolson et al., 1998; Obholzer et al., 2012). The loss of Lhfpl5a disrupts the targeting of Pcdh15a to stereocilia and results in splayed hair bundles (Maeda et al., 2017). However, Lhfpl5a is not required to correctly localize Tmie and vice versa (Pacentine and Nicolson, 2019), in spite of their biochemical interaction in cultured cells (Xiong et al., 2012). Lhfpl5 still localizes to the tips of stereocilia in Tmc1/Tmc2 double mutants (Beurg et al., 2015), as well as transmembrane O-methyltransferase (tomt) mouse and zebrafish mutants, which fail to traffic TMCs to the hair bundle (Cunningham et al., 2017; Erickson et al., 2017). This phenotype suggests that Lhfpl5 localization does not require the TMCs. However, a number of questions regarding the functions of Lhfpl5 remain unanswered: (1) In zebrafish, what are the molecular requirements for targeting Lhfpl5a to the hair bundle? (2) Is the Lhfpl5-dependent targeting of Tmc1 to the hair bundle an evolutionarily conserved aspect of their interaction? (3) lhfpl5a mutants have defects in auditory and vestibular behaviors, yet sensory hair cells of the lateral line are unaffected (Nicolson et al., 1998). What is the genetic basis for the persistence of lateral line function in lhfpl5a mutants?

In this work, we report that teleost fish have two lhfpl5 genes, lhfpl5a and lhfpl5b. The zebrafish lhfpl5 ohnologs are expressed in distinct populations of larval sensory hair cells: lhfpl5a in the auditory and vestibular system; lhfpl5b in the hair cells of the lateral line organ. Their divergent expression patterns explain why lateral line hair cells are still mechanically sensitive in lhfpl5a mutants. CRISPR-Cas 9 knockout of lhfpl5b alone silences the lateral line organ but has no effect on otic hair cell function. We also show that neither Lhfpl5a nor Lhfpl5b are required for Tmc localization in stereocilia. Additionally, we use a GFP-tagged Lhfpl5a to demonstrate that Myo7aa and the tip link proteins Cdh23 and Pcdh15a are required for proper Lhfpl5a localization in otic hair cell bundles. This study reveals the subfunctionalization of the zebrafish lhfpl5 ohnologs through the divergence in their expression patterns. Furthermore, our work complements previous results from murine cochlear hair cells by highlighting a conserved association between Lhfpl5 and Pcdh15, but also demonstrating novel requirements for Cdh23 and Myo7aa in localizing Lhfpl5a. Lastly, our work indicates that Lhfpl5-dependent localization of Tmc1 is not a universal feature of sensory hair cells and that Lhfpl5 proteins are required for mechanotransduction independently of a role in localizing the Tmc channel subunits to stereocilia.



MATERIALS AND METHODS


Ethics Statement

Animal research complied with guidelines stipulated by the Institutional Animal Care and Use Committees at Oregon Health and Science University (Portland, OR, United States) and East Carolina University (Greenville, NC, United States). Zebrafish (Danio rerio) were maintained and bred using standard procedures (Westerfield, 2000).



Mutant and Transgenic Fish Lines

The following zebrafish mutant alleles were used for this study: cdh23nl9, cdh23tj264, lhfpl5atm290d, lhfpl5bvo35, myo7aaty220, pcdh15apsi7, pcdh15ath263b (Nicolson et al., 1998; Ernest et al., 2000; Obholzer et al., 2012; Erickson et al., 2017; Maeda et al., 2017). The transgenic lines used in this study were Tg(-6myo6b:eGFP-lhfpl5a)vo23Tg, Tg(-6myo6b:tmc1-emGFP)vo27Tg, Tg(-6myo6b:tmc2b-emGFP)vo28Tg (Erickson et al., 2017), and Tg(-6myo6b:eGFP-pA)vo68Tg. All experiments used larvae at 1–7 dpf, which are of indeterminate sex at this stage.



Genotyping

Standard genomic PCR followed by Sanger sequencing was used to identify cdh23tj264, cdh23nl9, lhfpl5atm290d, pcdh15apsi7, and pcdh15ath263b alleles. The lhfpl5bvo35 mutation disrupts a MluCI restriction site (AATT) and we are able to identify lhfpl5bvo35 hetero- and homozygotes based on the different sizes of MluCI-digested PCR products resolved on a 1.5% agarose gel. The following primers were used for genotyping:

cdh23nl9: Fwd – CCACAGGAATTCTGGTGTCC, Rvs – GAAAGTGGGCGTCTCATCAT;

cdh23tj264: Fwd – GGACGTCAGTGTTCATGGTG, Rvs – TTTTCTGACCGTGGCATTAAC;

lhfpl5atm290d: Fwd – GGACCATCATCTCCAGCAAAC, Rvs – CACGAAACATATTTTCACTCACCAG;

lhfpl5bvo35: Fwd – GCGTCATGTGGGCAGTTTTC, Rvs – TAGACACTAGCGGCGTTGC;

myo7aaty220: Fwd – TAGGTCCTCTTTAATGCATA, Rvs – GTCTGTCTGTCTGTCTATCTGTCTCGCT;

pcdh15apsi7: Fwd – TTGGCACCACTATCTTTACCG, Rvs – ACAGAAGGCACCTGGAAAAC;

pcdh15ath263b: Fwd – AGGGACTAAGCCGAAGGAAG, Rvs – CACTCATCTTCACAGCCATACAG.



Phylogeny

Lhfpl5 protein sequences retrieved from either NCBI or Ensembl (Supplementary Table 1). Phylogenetic analysis was done on www.phylogeny.fr using T-Coffee (multiple sequence alignment), GBlocks (alignment curation), PhyML (maximum likelihood tree construction with 100 replicates to estimate bootstrap values), and TreeDyn (visualization) (Dereeper et al., 2008).



mRNA in situ Hybridization

lhfpl5a and lhfpl5b probe templates were amplified from total RNA using the following primers: lhfpl5a Fwd: AATATTGGTGCATAGACTCAAGGAGG; Rvs: GACTCCAA AATGACCTTTTAACAAACGC. lhfpl5b Fwd: TGAAGAT CAGCTACGATATAACCGG; Rvs: ACTGTGATTGGTGTA TTTCCAGC. The inserts were cloned into the pCR4 vector for use in probe synthesis. mRNA in situ probe synthesis and hybridization was performed essentially as previously described (Thisse and Thisse, 2008; Erickson et al., 2010). Stained specimens were mounted on a depression slide in 1.2% low-melting point agarose and imaged on a Leica DMLB microscope fitted with a Zeiss AxioCam MRc 5 camera using Zeiss AxioVision acquisition software (Version 4.5).



Immunofluorescent Staining, FM Dye Labeling, and Fluorescence Microscopy

Anti-Pcdh15a immunostaining and FM dye labeling of inner ear and lateral line hair cells were performed as previously described (Erickson et al., 2017). All fluorescent imaging was done on Zeiss LSM 700 or LSM 800 laser scanning confocal microscopes. Z-stacks were analyzed using ImageJ (Schneider et al., 2012). All related control and experimental images were adjusted equally for brightness and contrast in Adobe Photoshop CC.



CRISPR-Cas9 Knockout of lhfpl5b

An sgRNA targeting the lhfpl5b sequence 5′-CAACCCAATCACCTCGGAAT-3′ was synthesized essentially as described (Gagnon et al., 2014). For microinjection, 1 μg of sgRNA was mixed with 1 μg of Cas9 protein and warmed to 37°C for 5 min to promote the formation of the Cas9-sgRNA complex. Approximately 2 nl of this solution was injected into wild type embryos at the single-cell stage. Efficacy of cutting was determined in two ways: (1) Single larvae genotyping - Amplification of the target genomic region by PCR and running the products on 2.5% agarose gels to assay for disruption of a homogenous amplicon. (2) Assaying for disruption of the mechanotransduction channel in lateral line hair cells by FM 1-43 dye uptake. Larvae displaying a non-wild type pattern of FM 1-43 dye uptake were raised to adulthood. Progeny from in-crosses of F0 adults were exposed to FM 1-43 dye to identify founders. By outcrossing founder adults, we established a line of fish carrying a 5 base pair deletion in the lhfpl5b coding region that causes a S77FfsX48 mutation (lhfpl5bvo35). This mutation disrupts the protein in the first extracellular loop and deletes the final three of four transmembrane helices in Lhfpl5b.



Acoustic Startle Response

Quantification of the larval acoustic startle response was performed using the Zebrabox monitoring system (ViewPoint Life Sciences, Montreal, Canada) as previously described (Maeda et al., 2017) with the following modifications. Each trial included six larvae which were subjected to two or three trials of 6 acoustic stimuli. For each individual larva, the trial with best AEBR performance was used for quantification. Positive responses where spontaneous movement occurred in the second prior to the stimulus were excluded from analysis. Trials where spontaneous movement occurred for more than 6 of the 12 stimuli were also excluded from analysis.



Microphonics

We performed the microphonic measurements as previously described (Pacentine and Nicolson, 2019). In brief, we anesthetized 3 dpf larvae in extracellular solution [140 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); pH 7.4] containing 0.02% 3-amino benzoic acid ethylester (MESAB; Western Chemical). We pinned the larvae with two glass fibers straddling the yolk and a third perpendicular fiber to prevent sliding. For pipettes, we used borosilicate glass with filament, O.D.: 1.5 mm, O.D.: 0.86 mm, 10 cm length (Sutter, item # BF150-86-10, fire polished). Using a Sutter Puller (model P-97), we created recording pipettes with a long shank with a resistance of 10–20 MΩ, after which we beveled the edges to a resistance of 4–5 MΩ using a Sutter Beveler with impedance meter (model BV-10C). For the glass probe delivering the piezo stimulus, we pulled a long shank pipette and fire polished to a closed bulb. We shielded the apparatus with tin foil to completely ground the piezo actuator. To maintain consistent delivery of stimulus, we always pressed the probe to the front of the head behind the lower eye, level with the otoliths in the ear of interest. We also maintained a consistent entry point dorsal to the anterior crista and lateral to the posterior crista. During delivery of stimulus, the piezo probe made light contact with the head. We drove the piezo with a High Power Amplifier (piezosystem jena, System ENT/ENV, serial # E18605), and recorded responses in current clamp mode with a patch-clamp amplifier (HEKA, EPC 10 usb double, serial # 550089). Voltage responses were amplified 1000x and filtered between 0.1 – 3000 Hz by the Brownlee Precision Instrumentation Amplifier (Model 440). We used a 200 Hz sine wave stimulus at 10 V and recorded at 20 kHz, collecting 200 traces per experiment. Each stimulus was of 40 ms duration, with 20 ms pre- and post-stimulus periods. The piezo signal was low-pass filtered at 500 Hz using the Low-Pass Bessel Filter 8 Pole (Warner Instruments). In Igor Pro, we averaged each set of 200 traces to generate one wave response per larva. To quantify hair cell activity, we calculated the amplitude from base-to-peak of the first peak. Larvae were genotyped as described above.



Hair Cell Counts

lhfpl5bvo35/+ fish were crossed with Tg(myo6b:eGFP-pA)vo68Tg; lhfpl5bvo35/+ fish to produce wild type and lhfpl5bvo35 siblings expressing green fluorescent protein in hair cells. Wild type and lhfpl5b mutant larvae were sorted by FM 4-64 labeling (n = 11 each). In experiment 1, larvae (n = 5 each genotype) were fixed in 4% paraformaldehyde at 5 dpf. In experiment 2, larvae (n = 6 each genotype) were imaged immediately. lhfpl5atm290d/+ fish were in-crossed to produce wild type and lhfpl5atm290d siblings. Larvae were sorted based on the auditory and vestibular defects associated with the lhfpl5atm290d homozygous mutants. Larvae were labeled with FM 1-43 (n = 6 each). For all experiments, specimens were mounted in low melting point agarose and the L1, MI1, and O2 neuromasts were imaged on a Zeiss LSM 800 confocal. Cell counts were performed using the Z-stack data.



Statistics

Statistical analyses were done using the R stats package in RStudio (RStudio Team, 2018; R Core Team, 2019). P-values of less than 0.05 were considered to be statistically significant. Plots were made with ggplot2 (Wickham, 2016).



Data Availability

The raw data supporting the conclusions of this article will be made available by the corresponding author, without undue reservation, to any qualified researcher.



RESULTS


Teleost Fish Have Ohnologous lhfpl5 Genes

Genes that have been duplicated as a result of a whole genome duplication (WGD) event are known as ohnologs (Ohno, 1970; Wolfe, 2000). Due to the teleost-specific WGD, it is not uncommon to find ohnologous genes in teleost fish where other vertebrate classes possess a single gene. The Danio rerio (zebrafish) genome contains two lhfpl5 genes: lhfpl5a (ENSDARG00000045023) and lhfpl5b (ENSDARG00000056458). To determine if lhfpl5 duplication is general to the teleost lineage, we queried either GenBank or Ensembl databases to collect Lhfpl5 protein sequences for humans, mice, chick, frogs, and representative sequences from 14 phylogenetic orders of ray-finned fish (Actinopterygii), including 13 orders from the Teleostei infraclass and one from the Holostei infraclass (Supplementary Table 1). The latter (Spotted gar, Lepisosteus oculatus) is commonly used to infer the consequences of the teleost WGD, since the Holostei and Teleostei infraclasses diverged before the teleost WGD (Braasch et al., 2016). Phylogenetic analysis of the Lhfpl5 protein sequences supports the idea that duplicate lhfpl5 genes originated from the teleost WGD event (Figure 1A). In all 13 teleost orders surveyed, there are two lhfpl5 genes whose protein products cluster with either the lhfpl5a or lhfpl5b ohnolog groups. Based on available genomic data, there is no evidence that spotted gar fish have duplicated lhfpl5 genes. Nor is there evidence that the Salmonid-specific WGD (Allendorf and Thorgaard, 1984) lead to further expansion of the lhfpl5 family. These analyses suggest that the ancestral lhfpl5 gene was duplicated in the teleost WGD and that the lhfpl5 ohnologs were retained in all teleost species examined here.
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FIGURE 1. Duplicated lhfpl5 genes in teleost fish. (A) Phylogenic tree of representative teleost and vertebrate Lhfpl5 protein sequences. See Supplementary Table S1 for species’ names and protein accession numbers. (B) Sequence alignment of Lhfpl5 proteins from zebrafish (Danio rerio, Dr), chicken (Gallus gallus, Gg), mouse (Mus musculus, Mm), and humans (Homo sapiens, Hs). Regions of the proteins coded for by exons 1 and 3 are shaded gray. Locations of the transmembrane (TM) helices 1–4 are shown in the linear protein structure diagram. The lhfpl5atm290d and lhfpl5bvo35 mutations are indicated by the red triangle and red square, respectively.


Alignment of the zebrafish Lhfpl5a and Lhfpl5b proteins with those from human, mouse and chicken reveals that both zebrafish ohnologs retain the same protein structure (Figure 1B). Zebrafish Lhfpl5a and Lhfpl5b are 76% identical and 86% similar to one another (Needleman-Wunsch alignment). Compared to human LHFPL5, Lhfpl5a and Lhfpl5b are 70/65% identical and 86/81% similar respectively. The ENU-generated mutation in lhfpl5a (tm290d) (Obholzer et al., 2012) is indicated by the red triangle (K80X). To investigate the function of lhfpl5b, we generated a Cas9-induced lesion in the lhfpl5b gene in a similar location as the tm290d mutation. We recovered a line with a 5 base pair deletion leading to a frameshift mutation (lhfpl5bvo35, red square; S77FfsX48).



lhfpl5a and lhfpl5b Are Expressed in Distinct Populations of Sensory Hair Cells

To characterize the spatial and temporal patterns of lhfpl5a/b gene expression, we performed whole mount mRNA in situ hybridization on zebrafish larvae at 1, 2, and 5-days post-fertilization (dpf) (Figure 2). After 1 day of development, there are nascent hair cells of the presumptive anterior and posterior maculae in the developing ear, but no lateral line hair cells at this stage. We detect lhfpl5a expression in the presumptive anterior and posterior maculae at 1 dpf (Figure 2A). No signal for lhfpl5b was observed at this time point (Figure 2B). At 2 dpf, we observe a clear distinction in the expression patterns of the lhfpl5a and lhfpl5b genes (Figures 2C,D). lhfpl5a continues to be expressed in the ear, but expression is not observed in the newly deposited neuromasts. Conversely, we detect lhfpl5b expression exclusively in neuromasts at this stage, both on the head (Figure 2D) and trunk (data not shown). This divergence in lhfpl5 ohnolog expression continues at 5 dpf, with lhfpl5a found exclusively in the sensory patches of the ear and lhfpl5b restricted to lateral line hair cells (Figures 2E–J). Taken together, our results suggest that both lhfpl5a and lhfpl5b have been retained since the teleost WGD because of their non-overlapping mRNA expression patterns.
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FIGURE 2. Zebrafish lhfpl5a and lhfpl5b genes are expressed in distinct populations of sensory hair cells. Whole mount mRNA in situ hybridization for lhfpl5a (A,C,E,G,I) and lhfpl5b (B,D,F,H,J) at 1, 2, and 5 days post-fertilization (dpf). (G–J) Are details from 5 dpf larvae. NMs, neuromasts; HC, hair cell; SC, support cell. Scale bars: (A,B) = 50 μm; (C–F) = 100 μm; (G–J) = 25 μm.




lhfpl5a Mediates Mechanosensitivity of Otic Hair Cells

lhfpl5atm290d (astronaut/asn) mutants were initially characterized by balance defects, an absence of the acoustic startle reflex, and a lack of brainstem Ca2+ signals after acoustic startle. However, neuromast microphonic potentials were normal (Nicolson et al., 1998). In light of our in situ hybridization data (Figure 2), these results suggest that lhfpl5a is required for auditory and vestibular hair cell function only. To test this possibility, we performed several functional assays measuring the activity of hair cells in the otic capsule. First, we tested macular hair cell activity (Lu and DeSmidt, 2013; Yao et al., 2016) by recording extracellular microphonic potentials from the inner ears of lhfpl5atm290d mutants, along with wild type and lhfpl5bvo35 larvae at 3 dpf. We then measured baseline-to-peak amplitude of the first peak to quantify activity (Supplementary Figures 1A–D). Consistent with the initial characterization of the behavioral defects in lhfpl5atm290d mutants, we did not detect robust microphonic potentials from the inner ear of lhfpl5atm290d mutants (Figure 3A). We measured an average first peak microphonic of 53.1 μV from lhfpl5atm290d mutants (n = 7), which was significantly less than the 296.2 μV average value of their WT siblings (n = 5; p = 0.01, Welch’s t-test). We believe that at least some of the signal detected in lhfpl5atm290d mutants may be a stimulus artifact due the unusual rise time and similar observations we have made in other known transduction-null mutants.


[image: image]

FIGURE 3. lhfpl5a is required for auditory and vestibular hair cell function. (A) Boxplot showing the first peak amplitude (μV) of microphonic recordings from the inner ear of 3 dpf wild type, lhfpl5atm290d, and lhfpl5bvo35 larvae. The boxes cover the inter-quartile range (IQR), and the whiskers represent the minimum and maximum datapoints within 1.5 times the IQR. Values from individual larvae are indicated by the black dots and outliers indicated by a diamond. Asterisks indicate p < 0.01 (∗∗) by Welch’s t-test. ns, not significant. (B) Boxplot of the acoustic startle response in 6 dpf wild type and lhfpl5atm290d mutants, with or without the GFP-lhfpl5a vo23Tg transgene. Values from individual larvae are indicated by the black dots and outliers indicated by a diamond. Asterisks indicate p < 0.001 (∗∗∗) by Welch’s t-test. ns, not significant. (C–F’) FM 4–64 dye labeling assay for MET channel activity of inner ear hair cells from 6 dpf larvae [C – Wild type (+/+ or±), D – lhfpl5atm290d mutants, E – Wild type GFP-lhfpl5a vo23Tg, F – GFP-lhfpl5a vo23Tg; lhfpl5atm290]. (E’,F’) Are images of GFP-Lhfpl5a protein in the bundle of the hair cells shown above in (E,F). n = 2, 3, 12, and 4 for the genotypes in (C–F), respectively. Scale bars = 5 μm and apply to all images.


For the lhfpl5bvo35 mutants (n = 6), we measured an average first peak microphonic potential of 280.9 μV. These values were not significantly different from their WT siblings (n = 4, average 243.8 μV; p = 0.7) but were significantly greater than the lhfpl5atm290d mutants (p = 0.036). Thus, lhfpl5atm290d mutants exhibit defects in inner ear function, while the lhfpl5bvo35 mutation has no effect on these hair cells. To further confirm the lack of inner ear function in lhfpl5atm290d mutants, we performed an acoustic startle test on larvae at 6 dpf (Figure 3B). Results confirm that lhfpl5atm290d mutants are profoundly deaf, displaying little to no response to acoustic stimuli (p < 0.001 compared to all other genotypes). Finally, we examined the basal MET channel activity of hair cells of the inner ear by injecting FM 4–64 into the otic capsule and imaging the lateral cristae sensory patch. WT hair cells readily labeled with FM 4–64 whereas lhfpl5atm290d mutant cells showed no sign of dye internalization (Figures 3C,D). These three tests confirmed that all sensory patches in the otic capsule are inactive in lhfpl5atm290d mutants.

A GFP-lhfpl5a transgenic line of zebrafish – Tg(myo6b:eGFP-lhfpl5a)vo23Tg – has been reported previously (Erickson et al., 2017). GFP-Lhfpl5a is present at the tips of stereocilia, similar to the localization observed for mouse LHFPL5 (Xiong et al., 2012; Mahendrasingam et al., 2017). To demonstrate that the GFP-Lhfpl5a protein is functional, we assayed for rescue of the acoustic startle reflex and MET channel activity in homozygous lhfpl5atm290d mutants expressing the transgene. The startle reflex of lhfpl5atm290d mutants expressing GFP-Lhfpl5a were statistically indistinguishable from non-transgenic and transgenic WT siblings (p = 0.48 and 0.26 respectively; Figure 3B). Likewise, FM 4–64 dye-labeling in the inner ear was restored to lhfpl5atm290d mutants expressing GFP-Lhfpl5a (Figures 3E–F’). From these results we conclude that the hair bundle-localized GFP-Lhfpl5a protein is functional and can rescue the behavioral and MET channel defects in lhfpl5atm290d mutants.



lhfpl5b Mediates Mechanosensitivity of Lateral Line Hair Cells

The divergent expression patterns of the lhfpl5 ohnologs suggests that lhfpl5b alone may be mediating mechanosensitivity of lateral line hair cells. To test this, we compared basal MET channel activity in neuromast hair cells of WT, lhfpl5atm290d and lhfpl5bvo35 larvae using an FM 1–43 dye uptake assay (Figures 4A–C). Strikingly, lateral line hair cells in lhfpl5bvo35 mutants do not label with FM 1–43 while there is no difference in the intensity of FM 1–43 labeling of hair cells between WT and lhfpl5atm290d mutants (Figures 4A–C and Supplementary Figures 2A–C). We quantified this loss of lateral line function in lhfpl5b mutants by measuring the average FM 1–43 fluorescence intensity per hair cell in each imaged neuromast of lhfpl5bvo35 mutants and wild type siblings at 2 dpf (Figures 4D,E,H) and 5 dpf (Figures 4F–H). lhfpl5bvo35 mutants exhibit a statistically significant decrease in FM 1–43 uptake at both 2 and 5 dpf (Welch’s t-test, p < 0.001 both time points). While there is negligible FM dye labeling in the vast majority of lhfpl5bvo35 mutant neuromasts, we occasionally observe labeling in some hair cells, most reproducibly in the SO3 neuromast. Occasional labeling persists in lhfpl5a/lhfpl5b double mutants, indicating that lhfpl5a is not partially compensating for the loss of lhfpl5b (Supplementary Figures 3A–D). The loss of MET channel activity in lhfpl5bvo35 neuromasts is rescued by expression of the GFP-lhfpl5a vo23Tg transgene (Figures 4I,J; n = 7/7 mutant individuals). This result indicates that Lhfpl5a and Lhfpl5b are functionally interchangeable in this context.
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FIGURE 4. lhfpl5b is required for lateral line hair cell function. (A–C) Representative images of 5 dpf zebrafish larvae (A – Wild type; B – lhfpl5atm290d; C – lhfpl5bvo35) labeled with the MET channel-permeant dye FM 1–43. (D–G) Representative images of individual neuromasts from 2 and 5 dpf wild type and lhfpl5bvo35 larvae labeled with FM 1–43. Dashed lines outline the cluster of hair cells in each neuromast. (H) Quantification of normalized FM 1–43 fluorescence intensity per hair cell of 2 and 5 dpf neuromasts (n = 10 WT, 14 lhfpl5bvo35 NMs at 2 dpf; n = 6 WT, 13 lhfpl5bvo35 NMs each genotype at 5 dpf). The box plots cover the inter-quartile range (IQR), and the whiskers represent the minimum and maximum datapoints within 1.5 times the IQR. Asterisks indicate p < 0.001 (∗∗∗) by Welch’s t-test. (I,J) Rescue of FM dye labeling in lhfpl5bvo35 mutants (n = 7) by the GFP-lhfpl5a (vo23Tg) transgene. The GFP-Lhfpl5a bundle and FM 4–64 images are from the same NM for each genotype. (K) Quantification of hair cell number in L1, MI1, and O2 neuromasts from 5 dpf lhfpl5bvo35 mutants (n = 11) and wild-type siblings (n = 11). The box plots are the same as in (H). Asterisks indicate p < 0.001 (∗∗∗) by Welch’s t-test. Scale bars = 5 μm, applies to (D–G,I,J); 2 μm in (I,J) insets.


We have previously reported a reduced number of neuromast hair cells in other transduction mutants such as myo7aa (mariner), pcdh15a (orbiter), and tomt (mercury) (Seiler et al., 2005; Erickson et al., 2017). The ultimate cause for this reduction in hair cell number is not known. If lhfpl5bvo35 mutants are defective in mechanotransduction, we would expect a similar decrease in the number of neuromast hair cells. To test this idea, we compared hair cell counts between wild type, lhfpl5atm290d, and lhfpl5bvo35 larvae at 5 dpf. As expected, wild type and lhfpl5atm290d mutants have statistically equivalent numbers of hair cells in the neuromasts surveyed (Supplementary Figure 2D, p = 0.58). In lhfpl5bvo35 mutant neuromasts, we observe a statistically significant decrease in the number of hair cells (Figure 4K, n = 11 individuals per genotype, 3 NM each, p < 0.001 each NM type by Welch’s t-test; representative neuromasts are shown in Supplementary Figure 4). This decrease in the number of neuromast hair cells is consistent with lhfpl5b mutants being deficient in mechanotransduction in this cell type.



lhfpl5 Is Not Required for Tmc Localization to the Hair Bundle in Zebrafish Hair Cells

Previous studies have demonstrated that loss of LHFPL5 leads to a ∼90% reduction in the peak amplitude of the transduction current in mouse cochlear outer hair cells (Xiong et al., 2012). Single channel recordings from Lhfpl5 mutants revealed that the remaining transduction current in Lhfpl5 mutants was mediated by TMC2 (Beurg et al., 2015). Using antibodies to detect endogenous protein, TMC1 was found to be absent from the bundle of Lhfpl5 mouse mutants. However, injectoporated Myc-TMC2 was still able to localize to the hair bundle, supporting the idea that LHFPL5 is required for the targeting of TMC1, but not TMC2. The localization of exogenously expressed TMC1 in Lhfpl5 mutants was not reported.

To determine if the Tmcs require Lhfpl5a for localization to the hair bundle of zebrafish hair cells, we bred stable transgenic lines expressing GFP-tagged versions of Tmc1 (vo27Tg) and Tmc2b (vo28Tg) (Erickson et al., 2017) into the lhfpl5atm290d mutant background and imaged Tmc localization in the lateral cristae of the ear. In contrast to what was observed in mouse cochlear hair cells, both Tmc1-GFP and Tmc2b-GFP are still targeted to the hair bundle in lhfpl5atm290d mutants (n = 11/11 and 9/9 individuals respectively; Figures 5A–D’). We also observe Tmc2b-GFP localization in the neuromast hair bundles of lhfpl5bvo35 mutants (n = 7/7 individuals; Figures 5E–F’). Additionally, we do not observe any rescue of hair cell function in lhfpl5b mutants expressing the Tmc2b-GFP protein (Supplementary Figures 5A–C). As such, these results suggest that GFP-tagged Tmc1 and Tmc2b do not require Lhfpl5 for hair bundle localization in zebrafish hair cells.
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FIGURE 5. Tmc proteins do not require Lhfpl5a or Lhfpl5b for localization to the stereocilia of zebrafish hair cells. (A–D’) Representative images of Tmc1-GFP (vo27Tg) or Tmc2b-GFP (vo28Tg) in the lateral cristae of wild type (A,A’,C,C’) and lhfpl5atm290d (B,B’,D,D’) larvae. The GFP-only channel is shown in (A–D) and overlaid with a light image of the bundles in (A’–D’). (E–F’) Representative images of Tmc2b-GFP (vo28Tg) in the neuromasts of wild type (E,E’) and lhfpl5bvo35 (F,F’) larvae. The GFP-only channel is shown in (E,F) and overlaid with a light image of the bundles in (E’,F’). Scale bars = 3 μm in all panels.




GFP-Lhfpl5a Localization in Stereocilia Requires Pcdh15a, Cdh23, and Myo7aa

Previous work has shown that PCDH15 and LHFPL5 are mutually dependent on one another to correctly localize to the site of mechanotransduction in mouse cochlear hair cells (Xiong et al., 2012; Mahendrasingam et al., 2017). Likewise in zebrafish, Lhfpl5a is required for proper Pcdh15a localization in the hair bundle, as determined Pcdh15a immunostaining and the expression of a Pcdh15a-GFP transgene in lhfpl5atm290d mutants (Maeda et al., 2017). Using the previously characterized antibody against Pcdh15a, we observe the highest level of Pcdh15a staining at the apical part of the hair bundle, with less intense punctate staining throughout the stereocilia in 3 dpf wild type larvae (Figure 6A). lhfpl5atm290d mutants exhibit splayed hair bundles, with low levels of Pcdh15a staining restricted to the tip of each stereocilium (n = 5/5 individuals; Figure 6B), confirming our previous report.
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FIGURE 6. Lhfpl5a requires MET complex proteins Pcdh15a, Cdh23, and Myo7a for normal localization in the stereocilia of zebrafish hair cells. (A,B) Immunostain of Pcdh15a (magenta) in the lateral cristae of wild type and lhfpl5atm290d mutants at 3 dpf. Phalloidin-stained actin of the hair bundle is shown in green. Arrows indicate areas of Pcdh15a accumulation. (C–F’) Representative images of GFP-Lhfpl5a (vo23Tg) in the lateral cristae hair bundles of wild type (C,C’) and pcdh15apsi7 (D,D’), cdh23nl9 (E,E’), and myo7aaty220 (F,F’) mutants. White arrows indicate GFP signal in the presumptive kinocilial linkages, yellow arrow heads indicate GFP signal in the stereocilia or the base of the hair bundle, and brackets indicate GFP signal in the kinocilium. Scale bars = 3 μm in (A,B); 2 μm in (C–F’).


To determine if Lhfpl5a also depends on Pcdh15a for its localization, we imaged GFP-Lhfpl5 in the lateral cristae of pcdh15apsi7 homozygous mutants. In wild type larvae, GFP-Lhfpl5a is distributed throughout the hair bundle at the tips of stereocilia (yellow arrow heads), with a higher intensity of GFP evident in the tallest rows, possibly at the sites of kinociliary links (Figures 6C,C’, arrow). In pcdh15apsi7 mutants, GFP-Lhfpl5a is absent from the hair bundle except for the tallest rows of stereocilia adjacent to the kinocilium (n = 4 individuals; Figures 6D,D’, arrow). We observed similar results using the pcdh15ath263b allele (n = 6/6 individuals; Supplementary Figures 6A,B’). Consistent with our earlier studies (Seiler et al., 2005; Maeda et al., 2017), we observe splayed hair bundles in both pcdh15a alleles suggesting a loss of connections and tip links between the stereocilia. These results indicate that GFP-Lhfpl5a requires Pcdh15a for stable targeting to the shorter stereocilia, but Pcdh15a is not required for retaining GFP-Lhfpl5a in the tallest rows of stereocilia adjacent to the kinocilium.

The observation that some GFP-Lhfpl5a signal remains in the tallest stereocilia of pcdh15a mutants suggests that additional proteins are involved in targeting Lhfpl5a to these sites in zebrafish vestibular hair cells. Previous research has shown that mouse CDH23 still localizes to tips of stereocilia in PCDH15-deficient mice (Boëda et al., 2002; Senften et al., 2006) and that CDH23 is a component of kinociliary links (Siemens et al., 2004; Goodyear et al., 2010). Based on these reports, we tested whether Cdh23 was required for GFP-Lhfpl5a localization. In cdh23nl9 mutants, GFP-Lhfpl5 is sparsely distributed throughout the length of the kinocilium (n = 4/4 individuals, Figures 6E,E’). We also observe a redistribution of GFP-Lhfpl5a into the kinocilium using the cdh23tj264 allele (n = 4/4 individuals; Supplementary Figures 6C,C’). In both cdh23 alleles, we see occasional GFP signal in the stereocilia as well, though this localization is not as robust. Interestingly, these results contrast with those from mouse cochlear hair cells which showed that Lhfpl5 does not require Cdh23 for bundle localization (Zhao et al., 2014). The same study also could not detect any biochemical interaction between LHFPL5 and proteins of the upper tip link density including CDH23, USH1C/Harmonin, or USH1G/Sans. Together, our data indicate an unexpected role for Cdh23 in the localization of GFP-Lhfpl5a to the region of kinocilial links in zebrafish vestibular hair cells.

Myosin 7A (MYO7A) is an actin-based motor protein required for the localization of many proteins of the hair bundle, including PCDH15 and USH1C/Harmonin, along with several proteins of the Usher type 2 complex (Boëda et al., 2002; Senften et al., 2006; Lefevre et al., 2008; Morgan et al., 2016; Maeda et al., 2017; Zou et al., 2017). Results in both mice and zebrafish suggest that MYO7A is not required for CDH23 bundle localization (Senften et al., 2006; Blanco-Sanchez et al., 2014). However, its role in Lhfpl5 localization has not been examined. In myo7aaty220 (mariner) mutant hair cells, GFP-Lhfpl5a localization in hair bundle is severely disrupted (n = 5/5 individuals; Figures 6F,F’). We observe GFP signal near the base of hair bundles and occasionally in stereocilia (yellow arrowheads), but do not see robust Lhfpl5a localization in the presumptive kinocilial links nor to the kinocilium itself. Taken together, our results using the GFP-Lhfpl5a transgene suggest that Pcdh15a, Cdh23, and Myo7aa all play distinct roles in Lhfpl5 localization in the bundle of zebrafish vestibular hair cells.



DISCUSSION

In this study, we provide support for the following points: (1) The ancestral lhfpl5 gene was likely duplicated as a result of the teleost WGD, leading to the lhfpl5a and lhfpl5b ohnologs described in this paper. (2) In zebrafish, there has been subfunctionalization of these genes as a result of their divergent expression patterns. As determined by mRNA in situ hybridization, lhfpl5a is expressed only in auditory and vestibular hair cells of the ear while lhfpl5b is expressed solely in hair cells of the lateral line organ. Consistent with their expression patterns, we show that each ohnolog mediates mechanotransduction in the corresponding populations of sensory hair cells in zebrafish. (3) Targeting of GFP-tagged Tmcs to the hair bundle is independent of Lhfpl5a function. (4) Proper targeting of GFP-tagged Lhfpl5a to the hair bundle requires the tip link protein Pcdh15a, but as in mice, Lhfpl5a can localize to regions of the hair bundle independently of Pcdh15 function. Additionally, we demonstrate novel requirements for Cdh23 and the Myo7aa motor protein in Lhfpl5 localization.


Duplicated Zebrafish Genes in Hair Cell Function

With regards to genes involved in hair cell function, the zebrafish duplicates of calcium channel, voltage-dependent, L type, alpha 1D (cacna1d/cav1.3), C-terminal binding protein 2 (ctbp2/ribeye), myosin 6 (myo6), otoferlin (otof), pcdh15, and tmc2 have been analyzed genetically. In the cases of cacna1db, pcdh15b and myo6a, these ohnologs are no longer functional in hair cells (Seiler et al., 2004, 2005; Sidi et al., 2004). For the ctbp2, otoferlin, and tmc2 duplicates, both genes are required in at least partially overlapping populations of hair cells (Sheets et al., 2011; Maeda et al., 2014; Lv et al., 2016; Chou et al., 2017). In contrast, our results for the lhfpl5 ohnologs suggest that each gene is expressed and functionally required in distinct, non-overlapping hair cell lineages. To our knowledge, this is the first description of duplicated genes whose expression patterns have cleanly partitioned between inner ear and lateral line hair cells.



Subfunctionalization of Zebrafish lhfpl5 Ohnologs

We constructed a phylogenetic tree using publicly available Lhfpl5 protein sequence data (Figure 1) Our results suggest that the ancestral lhfpl5 gene was duplicated during the teleost WGD event and that both genes have been retained throughout the teleost lineage (Figure 1). Our conclusion that lhfpl5a and lhfpl5b are ohnologs is substantiated by a recent study of ohnologs in teleosts (Singh and Isambert, 2019). In all four teleost species surveyed, Singh and Isambert show that lhfpl5a and lhfpl5b are true ohnologs that arose from the teleost-specific WGD under the strictest criteria used in their study.

Some kind of selection pressure is required for the retention of both gene ohnologs (Glasauer and Neuhauss, 2014). Our in situ hybridization results show that lhfpl5a and lhfpl5b are expressed in distinct populations of hair cells and support the idea that the zebrafish lhfpl5 ohnologs were retained because of their divergent expression patterns (Figure 2). Analysis of hair cell function in the different lhfpl5 mutants agrees with the gene expression results, showing that lhfpl5a is required for transduction in the ear while lhfpl5b plays the same role in the lateral line organs. However, rescue of the MET channel defects in lhfpl5bvo35 mutants by GFP-tagged Lhfpl5a suggests that the functions of these ohnologs are at least partially interchangeable. This result is not surprising given the high degree of similarity between the Lhfpl5a and 5b proteins. As such, the subfunctionalization of the lhfpl5 ohnologs appears to be caused by the divergence in their expression patterns rather than functional differences in their protein products. It is possible that a similar mechanism is responsible for the retention of both genes in other teleost species as well, though the expression patterns of the lhfpl5 ohnologs have not been examined in other fish.

The non-overlapping expression of the lhfpl5 ohnologs provides us with a unique genetic tool to study lateral line function. Most mechanotransduction mutants in zebrafish disrupt both inner ear and lateral line hair cell function (Nicolson, 2017). As such, we are unable to assess the role of the lateral line independently of auditory and vestibular defects, which are lethal for larval fish. The lhfpl5b mutants are adult viable (data not shown) and represent a possible genetic model for understanding the lateral line in both larval and adult fish. Future studies on adults will determine whether the lateral line remains non-functional and whether lhfpl5b contributes to inner ear function in the mature auditory and vestibular systems.



The Molecular Requirements for Bundle Localization of MET Complex Proteins Differs Between Mouse and Zebrafish Hair Cells

Our understanding of mechanotransduction at the molecular level is heavily informed by work done using mouse cochlear hair cells. However, analysis of zebrafish inner ear and lateral line hair cells can lead to a more complete picture of how vertebrate sensory hair cells form the MET complex. At their core, the genetic and molecular bases for mechanotransduction are well conserved between mouse and zebrafish hair cells. For example, the tip link proteins Cdh23 and Pcdh15a, MET channel subunits Tmc1/2, Tmie, and Lhfpl5, along with additional factors such as Tomt, Cib2, and Myo7aa are all necessary for MET channel function in both mice and fish (Nicolson et al., 1998; Siemens et al., 2004; Söllner et al., 2004; Senften et al., 2006; Gleason et al., 2009; Kawashima et al., 2011; Xiong et al., 2012; Zhao et al., 2014; Cunningham et al., 2017; Erickson et al., 2017; Giese et al., 2017; Pacentine and Nicolson, 2019). However, while each of these factors are required for mechanotransduction in vertebrate hair cells, the details of how they contribute to MET channel function may differ depending on the particular type of hair cell or the vertebrate species. For example, Tmie is required for Tmc localization to the hair bundle in zebrafish (Pacentine and Nicolson, 2019), but this does not appear to be the case in mouse cochlear hair cells (Zhao et al., 2014). The evolutionary pressures that lead to these differences between mouse and zebrafish hair cells are not understood.

Based on multiple lines of evidence gathered from mice, TMC1 and TMC2 have different requirements for LHFPL5 regarding localization to the hair bundle (Beurg et al., 2015). Endogenous TMC1 is absent from the bundle in LHFPL5-deficient cochlear hair cells with the remaining MET current mediated through TMC2. Exogenously expressed TMC2 is still targeted correctly in Lhfpl5 mutants, but it was not reported whether the same is true for exogenous TMC1, nor whether similar requirements hold for vestibular hair cells. As such, the role of LHFPL5 in mechanotransduction is not clear: is LHFPL5 required primarily for targeting TMC1 to the hair bundle, or does LHFPL5 mediate MET channel function in other ways?

For our study, we used stable transgenic lines expressing GFP-tagged Tmc1 and Tmc2b to show that the Tmcs do not require Lhfpl5a for targeting to the stereocilia of zebrafish vestibular hair cells. Nor is Lhfpl5b required for Tmc2b-GFP localization in the hair bundle of neuromast hair cells. The occasional FM labeled-hair cell in lhfpl5b and lhfpl5a/5b mutant neuromasts is consistent with the continued ability of the Tmcs to localize to the hair bundle. This observation is reminiscent of the sporadic, low level of FM dye labeling in the cochlear hair cells of Lhfpl5 mutant mice (György et al., 2017). Partial compensation by yet another member of the lhfpl family remains as a possible explanation for the remaining basal channel function. Lastly, we find that exogenous Tmc expression does not rescue MET channel activity in either lhfpl5 mutant zebrafish. Taken together, our results support a Tmc-independent role for Lhfpl5 proteins in mechanotransduction.

What then is the role of LHFPL5 in vertebrate mechanotransduction? LHFPL5 and PCDH15 are known to form a protein complex and regulate each other’s localization to the site of mechanotransduction in mouse cochlear hair cells (Xiong et al., 2012; Mahendrasingam et al., 2017; Ge et al., 2018). However, their localization to the hair bundle is not completely dependent on one another. For example, tips links are not completely lost in Lhfpl5–/– cochlear hair cells and exogenous overexpression of PCDH15 partially rescues the transduction defects in Lhfpl5 mutant mice (Xiong et al., 2012). Similarly, a detailed immunogold study in wild type and Pcdh15–/– cochlear hair cells showed that there are PCDH15-dependent and PCDH15-independent sites of LHFPL5 localization (Mahendrasingam et al., 2017). PCDH15 is required for stable LHFPL5 localization at the tips of ranked stereocilia in association with the MET channel complex. However, LHFPL5 is still targeted to shaft and ankle links, unranked stereocilia, and the kinocilium in P0-P3 inner and outer hair cells from both wild type and Pcdh15–/– mutant mice (Mahendrasingam et al., 2017). Whether the kinocilial localization would remain in mature cochlear hair cells is not known because the kinocilia degenerate by P8 in mice and detailed LHFPL5 localization in vestibular hair cells (which retain their kinocilium) has not been reported.

Zebrafish hair cells retain a kinocilium throughout their life, thus providing a different context in which to examine Lhfpl5 localization. In wild type hair cells, GFP-Lhfpl5a is present at the tips of the shorter ranked stereocilia, but the most robust signal is detected in the tallest stereocilia adjacent to the kinocilium. In pcdh15a mutants, only this “kinocilial link”-like signal remains in the hair bundle. This result is similar to the LHFPL5 localization reported at the tips of the tallest stereocilia of P3 cochlear hair cells from wild type mice, a region where LHFPL5 would presumably not be associated with either PCDH15 or the TMCs (Mahendrasingam et al., 2017). Since the kinocilium does not degenerate in zebrafish hair cells, our results suggest that Lhfpl5a is normally targeted to these kinocilial links in wild type cells and that its retention at this site does not require Pcdh15a. Thus, there are PCDH15-dependent and PCDH15-independent mechanisms of LHFPL5 localization in both mouse and zebrafish hair cells. These results suggest that LHFPL5 performs as-of-yet uncharacterized PCDH15-independent functions as well.

Cdh23 is thought to form part of the linkages between the kinocilium and adjacent stereocilia, and therefore may play a role in retaining Lhfpl5a at these sites. Consistent with this hypothesis, cdh23 mutants do not exhibit GFP-Lhfpl5a accumulation in stereocilia. Instead, GFP-Lhfpl5a is diffusely distributed throughout the kinocilium. These data suggest that normal Lhfpl5a localization requires both Pcdh15a and Cdh23 function, albeit in distinct ways. This result differs from previous reports which found that Lhfpl5 still localized to the tips of stereocilia in CDH23-deficient cochlear hair cells of mice. The same study also could not detect a biochemical interaction between Lhfpl5 and CDH23 via co-IP in heterologous cells (Xiong et al., 2012). Given these contrasting results for mouse and zebrafish hair cells, it seems that the requirement for Cdh23 in the localization of LHFPL5 is not a universal one.

Given the available biochemical evidence, it is possible that the association between Lhfpl5a and Cdh23 is indirect through an as-of-yet unidentified protein or protein complex. Based on the defects in GFP-Lhfpl5a localization in myo7aa mutants, Myo7aa is a candidate member of this uncharacterized protein complex. Taken together, these results highlight the fact that, although all sensory hair cells share many core genetic and biochemical features, there are important details that differ between the various types of hair cells and between vertebrate species. Analyzing these differences will allow for a more comprehensive understanding of vertebrate hair cell function and the underlying principles of mechanotransduction.
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The visualization of multiple gene expressions in well-preserved tissues is crucial for the elucidation of physiological and pathological processes. In situ hybridization chain reaction (HCR) is a method to visualize specific mRNAs in diverse organisms by applying a HCR that is an isothermal enzyme-free nucleotide polymerization method using hairpin DNAs. Although in situ HCR is a versatile method, this method is not widely used by researchers because of their higher cost than conventional in situ hybridization (ISH). Here, we redesigned hairpin DNAs so that their lengths were half the length of commonly used hairpin DNAs. We also optimized the conjugated fluorophores and linkers. Modified in situ HCR showed sufficient fluorescent signals to detect various mRNAs such as Penk, Oxtr, Vglut2, Drd1, Drd2, and Moxd1 in mouse neural tissues with a high signal-to-noise ratio. The sensitivity of modified in situ HCR in detecting the Oxtr mRNA was better than that of fluorescent ISH using tyramide signal amplification. Notably, the modified in situ HCR does not require proteinase K treatment so that it enables the preservation of morphological structures and antigenicity. The modified in situ HCR simultaneously detected the distributions of c-Fos immunoreactivity and Vglut2 mRNA, and detected multiple mRNAs with a high signal-noise ratio at subcellular resolution in mouse brains. These results suggest that the modified in situ HCR using short hairpin DNAs is cost-effective and useful for the visualization of multiple mRNAs and proteins.

Keywords: short hairpin DNA, hybridization chain reaction, in situ hybridization, fluorophore, mouse brain, striatum, medial preoptic area


INTRODUCTION

To elucidate physiological and pathological processes in living organisms, it is crucial to visualize gene expression at good spatial resolution in a well-preserved morphological context. In situ hybridization (ISH) is a commonly used technique for detecting specific mRNAs in cells, tissues or whole bodies (Jensen, 2014). ISH was originally developed with the use of a radioisotope-labeled antisense nucleotide (Krumlauf et al., 1987; Marcus et al., 2001), which was subsequently replaced by a digoxigenin-labeled probe that enabled alkaline phosphatase- or peroxidase-based chromogenic reactions (Funato et al., 2000; Moorman et al., 2001). The use of two or more chromogens or fluorophores in combination enables the visualization of more than one mRNA. To increase the sensitivity of the ISH method to detect less abundant mRNAs, a method called tyramide signal amplification has been developed (Zaidi et al., 2000). Recent progress in ISH includes locked nucleic acid probes that are commonly applied for the detection of small RNAs (Urbanek et al., 2015), and rolling cycle amplification that has been reported to detect a single mRNA in situ (Larsson et al., 2010).

Currently, enzyme-based amplification using digoxigenin-labeled probes is the most used detection technique. To visualize multiple mRNAs, however, the procedures from probe hybridization to the chromogenic reaction generally need to be conducted twice serially, which takes a substantial amount of time and requires great labor. Also, when detecting low abundance mRNAs, artificial signals are inevitably produced due to nonspecific probe hybridization and nonspecific chromogenic enzyme reactions (Jensen, 2014).

The hybridization chain reaction (HCR) is an isothermal enzyme-free polymerization method that uses two different hairpin nucleotides: H1 and H2 (Figure 1A; Dirks and Pierce, 2004). The hairpin molecules are composed of toehold, stem, and loop domains and are self-assembling and metastable in the absence of initiator nucleotides that have a specific sequence complementary to the toehold and stem domains of an H1 hairpin (Figure 1A). In the presence of an initiator nucleotide, the toehold and stem domains of an H1 hairpin hybridize with the initiator through strand displacement. The remaining single-strand part of the opened H1 hairpin that was originally the loop and stem domains, hybridizes with H2 hairpin and produces a single strand part that has a sequence identical to the initiator, which in turn hybridizes with an H1 hairpin. Therefore, once an H1 hairpin is hybridized with an initiator, the polymerization of H1 and H2 hairpins continues and forms long nicked double-helices (Figures 1A,D and Supplementary Figure S1; Dirks and Pierce, 2004).
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FIGURE 1. Principle of in situ hybridization chain reaction (HCR) and short hairpin design. (A) Each hairpin DNA (H1, H2) has toehold, stem and loop domains and is conjugated to a fluorophore. Whereas the sequence of the toehold domain of H1 (a) is complementary to that of the loop domain of H2 (a’), the sequence of the loop domain of H1 (c) is complementary to that of the toehold domain of H2 (c’). In the presence of an initiator that is composed of a’ and b’, the initiator hybridizes with the toehold and stem domains (a,b) of H1. Then, the remaining part of H1 (c,b’) hybridizes with the toehold and stem domains (c’,b) of H2. Thereafter, H1 and H2 continue to hybridizes with each other (lower). (B) Split-initiator probe set. One probe has sequence a’, first 3 nucleotide (nt) of sequence b’, 2 nt spacer sequence, and 25 nt sequence complementary to the target mRNA. Another probe has 25 nt sequence complementary to the target mRNA, 2 nt spacer sequence and the last 9 nt of sequence b’. (C) In situ HCR using split-initiator probes. Three sets of split-initiator probes hybridize with the target mRNA and lead to HCR. (D) Design principles of short hairpin DNA. A set of short hairpin DNAs and split-initiator probes with actual nucleotide sequences are shown in Supplementary Figure S1.



In situ HCR is a method that applies the HCR technique to the visualization of a specific nucleotide in cells, tissues, and whole-mount samples using an RNA probe that has a sequence enabling the hybridization to a target mRNA and a sequence to work as an initiator of HCR (Choi et al., 2010). Choi et al. (2010) successfully visualized the localization of target mRNA in zebrafish using HCR with fluorescently labeled RNA hairpins. In situ HCR has been further advanced by the use of a DNA hairpin (Choi et al., 2014; Yamaguchi et al., 2015), and the use of different fluorophore-labeled DNA hairpins for the detection of multiple mRNAs (Choi et al., 2016). Although in situ HCR frequently has been accompanied by false-positive signals and background signals due to nonspecific probe bindings, the “third-generation” in situ HCR method using a pair of split probes successfully reduced nonspecific signals (Choi et al., 2018). The advantages of in situ HCR using split probes are a high signal-to-noise ratio, a high sensitivity that enables single-molecule imaging, and an easy protocol for multiplex staining. In situ HCR using split-probes does not require stringent conditions for probe hybridization, and both prehybridization and hybridization are conducted under a mild condition of 37°C, which leads to decreased damage to tissues and well-preserved morphology.

Despite the technical advantages of in situ HCR, this method has not become standard procedure to detect mRNAs because in situ HCR that uses 72-nucleotide (nt)-long DNA hairpins costs more than conventional ISH methods. The cost of oligonucleotides increases in proportion to their length, and the yield of full-length oligos decreases as their lengths increase. Thus, shorter DNA hairpins are favorable as long as they progress HCR.

In this study, we optimized and shortened DNA hairpins and initiators for in situ HCR with split probes. We also simplified the in situ HCR protocol by removing proteinase K treatment. Our modified in situ HCR protocol is sensitive to a low abundance mRNA, is easier to handle and enables better antigenicity preservation for immunohistochemistry at a decreased cost.



MATERIALS AND METHODS


Design and Synthesis of DNA Probes

All nonlabeled oligo DNAs were synthesized as standard desalted oligos (Integrated DNA Technologies). We modified and optimized the design of DNA probes using short hairpin DNAs from previous studies (Choi et al., 2014, 2018) as follows. Split-initiator DNA probes were designed to minimize off-target complementarity using a homology search by NCBI Blastn1, and they were designed to have 45–55% GC content in their mRNA binding sites. A pair of split-initiator probes were a 39-nt long DNA (25-nt long binding sites, 2-nt long spacer, and 12-nt long split-initiator sequence) and a 36-nt long DNA (25-nt long binding sites, 2-nt-long spacer, and 9-nt-long split-initiator sequence). The split-initiator sequence of the 39-nt-long DNA has a 9-nt-long toehold and a 3-nt-long sequence that is complementary to the first 3-nt of the stem domain of the hairpins. The split-initiator sequence of the 36-nt-long DNA probe has a 9-nt-long sequence that is complementary to the following 9-nt of the stem domain of the hairpins (Figure 1B and Supplementary Figure S1). Five or 10 sets of 36-nt and 39-nt DNA probes were designed for each target mRNA (Supplementary Table S2). All probe sets for each target mRNA were prepared, mixed, and stored in TE (10 mM Tris-HCl pH 8.0 and 1 mM EDTA). Each probe mixture was subsequently purified by denaturing polyacrylamide gel electrophoresis (PAGE) using 20% polyacrylamide gels (1:40 bis and linear acrylamide). After purification, the probes were diluted in TE to 2 μM.



Design and Synthesis of DNA Hairpin Amplifiers

To find the shortest sequences of DNA for hairpins that reliably trigger and continue HCR, we tested 36-44-nt long hairpins containing a 12-nt long stem sequence (Supplementary Table S1). The hairpin DNAs were designed using the multistate sequence design feature of NUPACK2, to produce target secondary structures shown in Figure 1A. After the NUPACK random design, the sequences were manually edited according to the previously reported criteria: less than 40% GC content in a toehold domain and greater than 60% GC content in a stem (Ang and Yung, 2016). The manually adjusted hairpin sequences were subsequently assessed by a NUPACK simulation to avoid undesirable secondary structures.

DNA hairpins labeled at the 5′ end with an amino linker, ssH, were synthesized (FASMAC). ssH-labeling of the 5′ end of DNAs enables subsequent coupling to a fluorophore (Komatsu et al., 2008). For comparison, C6-amino linker-labeled DNAs were also prepared (FASMAC). The fluorophores that were conjugated with succinimidyl esters were FAM (Sigma–Aldrich #21878), ATTO390, ATTO488, ATTO550, ATTO565 (ATTO-TEC), Alexa Fluor488, Alexa Fluor568, and Alexa Fluor647 (Thermo Fisher Scientific; Figures 2D–K). Following chloroform purification and ethanol precipitation with MgCl2, ssH-labeled DNAs were dissolved in 0.1 M borate buffer, pH 9.0, at 1 mM concentration of the DNA. One-third volume of fluorophore-conjugated succinimidyl ester (10 mg/ml in dimethylformamide) was mixed with the DNA solution and incubated for 4 h at room temperature to allow the coupling reaction of succinimidyl ester with the ssH-amino linker conjugated to the DNA. Fluorophore-conjugated DNAs were purified by denaturing PAGE using 20% polyacrylamide gels to remove incorporated fluorophores and incorrectly synthesized shorter oligonucleotides. The fluorescence of DNA bands corresponding to expected sizes was visualized by a hand-made LED illuminator (OptoSupply) and filter sets (LEE filters) to minimize DNA damage caused by UV light; then the bands were excised from the gel. The excised gel bands were crushed and soaked in TE at 4°C overnight, and the DNA recovered by ethanol precipitation as described above. The fluorophore-labeled DNAs were eluted in TE with 150 mM NaCl, and the concentration was adjusted to 3 μM based on the 260 nm absorbance. It is noted that the exact concentration of fluorophore-labeled DNAs cannot be determined because the fluorophores absorb 260 nm light to some extent, and the stem domain (double-strand) has a lower 260 nm absorbance per nucleotide than the toehold and loop domains (single strand).
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FIGURE 2. Effect of toehold length and fluorophores on HCR. (A) Effect of toehold length of hairpin DNAs on HCR efficiency. Short hairpin DNAs with a toehold length of 6, 8, 9, and 10 nt were examined. The ratios of initiator’s concentration to hairpin DNAs’ concentration were 0, 1/200, 1/50, and 1/10 with a constant concentration of 0.5 μM hairpin DNAs. HCR products were visualized after agarose gel electrophoresis. HCR product bands longer than 10 kb indicate efficient HCR. Unreacted hairpin DNAs were recognized as bands shorter than the position of 0.25 kb. Used hairpin DNAs were #S4 (6-nt toehold), #S8 (8-nt toehold), #S41 (9-nt toehold), and #S9 (10-nt toehold; Supplementary Table S2). (B,C) Effect of fluorophores on HCR efficiency. Hairpin DNAs with 9-nt toehold (#S41) conjugated with either ATTO390, FAM, Alexa488, ATTO488, ATTO550, ATTO565, ATTO568 or Alexa647 were used with different initiator/hairpin concentration ratios. Captured images taken with appropriate filter sets were overlaid based on the loading position. Dashed lines indicate a band size of 10 kb dsDNA. (D–K) Chemical structures of N-hydroxysuccinimide (NHS) ester (blue)-conjugated fluorophores. (L) Chemical structure of ssH linker that is conjugated with a fluorophore via an amido bond and with a nucleotide via a phosphoric acid.



Nonlabeled DNA hairpins were used only for in vitro study in microtubes, not for in situ HCR. Nonlabeled DNAs were purified by denaturing PAGE like the process used for the labeled DNAs, except for post staining of the polyacrylamide gel using GelGreen (Biotium).



HCR Verification of Hairpin DNAs in Microtubes

All hairpin DNAs were snap-cooled (heated to 95°C for 2 min and cooled to room temperature for 30 min) to form a hairpin structure before use. HCR was performed in 5× standard saline citrate (SSC) with 0.1% Tween 20 (5× SSCT). Each microtube was prepared by adding 2 μl of 3 μM hairpin DNAs, 6 μl of 0, 0.005, 0.02 or 0.1 μM initiator DNA, and an appropriate amount of 20× SSC with 10% Tween 20 to bring the reaction volume to 12 μl. Two hours after mixing the DNAs, the samples were supplemented with prestained loading dye (Bio-craft) and loaded into native 1% agarose gels. The gels were electrophoresed in sodium borate buffer (10 mM NaOH and 35 mM boric acid) at 135 V for 30 min and then were imaged. The intensity of each band was analyzed by ImageJ to quantify the amount of HCR products.

We determined that a pair of hairpins showed strong amplification when HCR products exceeded 10 kb with 1/200 of the initiator-to-short hairpin ratio. We also judged that initiator-independent HCR (leakage) was low when a very weak signal of the HCR product was observed after 2 h of HCR without initiator nucleotides. Also, HCR efficiency was evaluated based on the amount of unreacted hairpin (see Figure 2).



In situ Hybridization

All animal procedures were conducted following the Guidelines for Animal Experiments of Toho University and were approved by the Institutional Animal Care and Use Committee of Toho University (Approved protocol ID #19-51-405). Breeding pairs of C57BL/6J mice were obtained from Japan SLC and CLEA Japan. Mice were raised in our breeding colony under controlled conditions (12 h light/dark cycle; lights on at 8:00 A.M., 23 ± 2°C, 55 ± 5% humidity; and ad libitum access to water and food). Male mice (20–30 weeks old) were used except for c-Fos staining after maternal behavior. Female mice (20–30 weeks old) were sacrificed 2 h after pup presentation for c-Fos immunohistochemistry (Tsuneoka et al., 2013). At least three mice were used for each experiment to confirm reproducibility. Mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and then were transcardially perfused with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The brains were postfixed in 4% PFA at 4°C overnight, which was followed by cryoprotection in 30% sucrose in PBS for 2 days, embedded in Surgipath (FSC22, Leica Biosystems), and were stored at −80°C until use. The brains were cryosectioned coronally at a thickness of 40 μm.

All the sections were stained by the free-floating method, which enables better preservation of tissue morphology and uniform staining of the sections. The handling and prehybridization procedures were the same as those in our published protocol (Tsuneoka et al., 2015, 2017b). Briefly, the sections were washed with PBS containing 0.1% Tween-20 (PBST), treated with or without proteinase K (Roche, 10 mg/ml in PBST) for 10 min and postfixed with 4% PFA in PBS for 10 min at 37°C. The sections were immersed in methanol containing 0.3% H2O2 for 10 min, followed by acetylation with 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 20 min. After washing, the sections were prehybridized for 10 min at 37°C in a hybridization buffer containing 30% formamide, 10% dextran sulfate, 5× SSC, 10 mM citric acid, 0.1% Tween 20, 50 μg/ml heparin, 1× Denhardt’s solution as described (Choi et al., 2018). The sections were moved to another hybridization solution containing a mixture of 1 nM split-initiator probes, and incubated overnight at 37°C. In the case of staining for multiple targets, the probes were added simultaneously. After hybridization, the sections were washed three times for 10 min in 5× SSCT with 30% formamide at 37°C, followed by three washes for 10 min in 5× SSCT without formamide at room temperature.

For in situ HCR (Figure 1C), 3 μM hairpin DNA solutions were separately snap-cooled before use. The sections were incubated in amplification buffer (10% dextran sulfate in 5× SSCT) with 60 nM hairpin DNA pairs for 45 min, 2 h or overnight at 25°C. In the case of multiple staining, the hairpin DNAs were added simultaneously. Then, the samples were washed with 5× SSCT and PBST three times at room temperature.

In the case of combined ISH and immunohistochemistry, the sections were blocked using 0.8% Block Ace/PBST (Dainihon-Seiyaku), which was followed by overnight incubation with rabbit anti-c-Fos antibody (1:2,500, sc-52, Santa Cruz) in 0.4% Block Ace/PBST at 4°C. After washing three times with PBST, sections were incubated with an Alexa488-conjugated donkey anti-rabbit goat antibody (1:500, 711-545-152, Jackson ImmunoResearch) with Hoechst 33342 (1 μg/ml) for an hour at room temperature. The sections were mounted on the slide glass and cover-slipped with mounting media containing antifade (1% n-propyl gallate and 10% Mowiol4–88 in PBS).

To compare the sensitivity between in situ HCR and enzyme-based ISH, we also performed chromogenic ISH and fluorescent ISH using tyramide signal amplification. The cDNA fragment of oxytocin receptor (Oxtr) mRNA (GenBank ID: NM_001081147,1869-3843) was amplified, inserted into the pGEM-T plasmid (A3600, Promega), which was used into DH5α E. coli. After confirmation that the DNA sequence was correct, template cDNA was produced using polymerase chain reaction with specific primers (5′-ATTTAGGTGACACTATAG-3′) and (5′-TAATACGACTCACTATAGGG-3′). The probe was transcribed by SP6 RNA polymerase (P1085; Promega) in the presence of digoxigenin-labeled UTP (Dig labeling mix; Roche Diagnostics, Switzerland), which was followed by precipitation with LiCl with ethanol. The riboprobe was digested by alkaline hydrolysis to reduce the average size to 500 bases. Although hydrolyzed riboprobes sometimes increase nonspecific hybridization, our ISH protocol using a stringent wash, RNase A treatment, and non-excessive hydrolysis suppresses the background.

The prehybridization procedure was identical to that of in situ HCR. After acetylation, sections were washed with PBST, which was followed by incubation at 57°C overnight in a hybridization mixture containing 1 μg/ml riboprobe, 50% deionized formamide, 5× SSC (pH 7.0), 5 mM EDTA (pH 8.0), 0.2 mg/ml yeast tRNA, 0.2% Tween-20, 0.2% sodium dodecyl sulfate, 10% dextran sulfate, and 0.1 mg/ml heparin. After hybridization, the sections were washed twice with 2× SSC containing 50% formamide at 57°C for 10 min, incubated with RNAse A solution (20 μg/ml) at 37°C for 30 min, rinsed twice with 2× SSC and 0.2× SSC at 37°C (10 min each), and incubated in an alkaline phosphatase-conjugated or peroxidase-conjugated anti-digoxigenin antiserum (1:5,000 and 1:10,000, respectively; Roche) for 2 h at room temperature. Then the alkaline phosphatase-labeled sections were washed with 100 mM Tris-HCl (pH 8.0) and 150 mM NaCl and were incubated with BCIP/NBT (Roche) in 100 mM Tris-HCl (pH 9.5), 150 mM NaCl, 1 mM MgCl2 and 10% polyvinyl alcohol for 3 days at room temperature. The sections were dehydrated by treatment with methanol, ethanol, and xylene, and were mounted with Marinol (Muto Pure Chemical). The peroxidase-labeled sections were washed and immersed in 0.1 M boric buffer (pH 8.5) containing 10 μM Alexa568-labeled tyramide, 10% dextran sulfate, 0.05 mg/ml iodophenol and 0.003% H2O2 for 30 min. After washing, the sections were mounted as they were in the in situ HCR experiments.



Histological Analysis

Fluorescent photomicrographs were obtained using a Nikon Eclipse Ni microscope equipped with the A1R confocal detection system under 20×, 40× and 100× objective lenses (Nikon Instruments Inc., Tokyo, Japan). The photomicrographs for the bright field observation were taken by a Nikon AZ-100 microscope equipped with a digital camera (Sony α7s). Images were analyzed using ImageJ software (version 1.50i, NIH, USA). Quantification of the fluorescent photographs was performed at the same threshold and adjustment of contrast.




RESULTS


Reliable HCR Using 42-nt-long DNA Hairpins

To find the shortest sequences of DNA hairpins that reliably proceed with the HCR, we systematically examined hairpin DNAs with different lengths for their HCR efficiency based on the appearance of HCR products larger than 10 kb and the intensity of the unreacted hairpin DNA band. Because the commonly used DNA hairpins have toehold and loop domains of equal length and are 72-nt long containing 12-nt toehold, 24-nt stem and 12-nt loop domains (Choi et al., 2014, 2016, 2018), we first tested 7 pairs of nonlabeled 36-nt hairpin DNAs containing 6-nt toehold, 12-nt stem, and 6-nt loop domains. However, they all showed low HCR efficiency (#S1-S7 in Supplementary Table S1). Even in the presence of a high concentration of an initiator DNA, an HCR that was allowed to occur for 2 h left a majority of hairpin DNAs unreacted (Figure 2A). Thus, 36-nt hairpin DNAs were not suitable for HCR.

Next, we tested non-labeled hairpin DNAs which have 8-nt, 9-nt, or 10-nt long toehold and loop domains and 12-nt stem domains (8-nt: #S8, 9-nt: #S41, and 10-nt: #S9 in Supplementary Table S1). HCR with 8-nt long toehold and loop domains successfully produced ~10 kb products, but unreacted hairpin DNAs remained in all initiator concentrations. HCR with 9-nt and 10-nt long toehold and loop domains produced ~10 kb products, and only a small amount of hairpin DNA was unreacted (Figure 2A). There was no apparent difference in the amount of incorporated hairpin DNA between the 9-nt and 10-nt toehold/loop after a 2-h HCR, indicating that the 9-nt-long toehold and loop domains were sufficient for efficient HCR (Figure 2A, #S4, #S8–9, and #S41 in Supplementary Table S1), which is consistent with our NUPACK simulation (data not shown). Thus, we used 42-nt hairpins containing 9-nt toehold, 12-nt stem, and 9-nt loop domains thereafter.



The Sequence of the Stem and Transition Between the Stem and Loop Affected Hairpin Stability

Since insufficient stability of hairpin DNAs leads to initiator-independent HCR, we optimized the sequence of the stem domains of short hairpin pair based on the abundance of initiator-independent HCR. Through this optimization using short hairpins with different nucleotide contents, we noticed that short hairpin pair with a similar number of G and C on one strand of the stem domain tended to result in frequent initiator-independent HCR (Table 1). In contrast, when the number difference between G and C on one strand of the stem domain is 4 or 5, the incidence of initiator-independent HCR was low (Table 1). The difference between the numbers of G and C on one strand of the stem domain significantly correlated with the initiator-independent HCR as evaluated by band intensity (Spearman’s rank correlation test, rho = −0.40, S = 6941.8, p = 0.026).

TABLE 1. Number of short hairpin pairs with different G and C number on one strand of the stem domain and their initiator-independent hybridization chain reaction (HCR).
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Also, we noticed that the shift of the transition site between the stem and loop domains by one or two nucleotides sometimes decreased initiator-independent HCR (Figure 1D). For example, the shift by one nucleotide produces a hairpin containing 9-nt toehold, 13-nt stem, and 7-nt loop domains, in which the toehold sequence hybridized with the loop domain and a part of the stem domain. However, the shift of the transition site sometimes led to decreased HCR efficiency due to the higher stability of the hairpin. Thus, the 42-nt DNA hairpins used in this study have some differences in the length of the stem and loop domains. Because of the high HCR efficiency and a small amount of initiator-independent HCR, we used #S41 hairpin DNAs to examine eight fluorophores and two linkers thereafter.



Conjugated Fluorophores Affected HCR Efficiency

We examined which fluorophore to use affects HCR efficiency in microtubes. The conjugation of ATTO390, FAM, ATTO488, Alexa488, ATTO550, and Alexa647 (Figures 2D–K) to 42-nt DNA hairpins did not interfere with HCR, while that of ATTO565 and Alexa568 resulted in decreased HCR efficiency (Figures 2B,C). ATTO565- or Alexa568-conjugated hairpin DNAs produced a small amount of ~10 kb products with a 1:200 ratio of initiator and hairpin DNAs and left a large amount of hairpin DNAs unreacted (Figure 2C). When compared with the C6 linker, the ssH linker showed higher HCR efficiency. C6-linked ATTO550-conjugated hairpin DNA did not form ~10 kb long products with 1/200 amount of initiator DNA (Supplementary Figure S2), indicating that ssH linker is better at least for ATTO550.



In situ HCR Using Short Hairpin DNAs

Next, we performed in situ HCR for mouse brain using the fluorophore-labeled short hairpin DNAs described above and the reagents and buffers with reaction conditions reported in previous studies (Choi et al., 2014, 2018). Consistent with in vitro HCR, 42-nt hairpin DNAs provided stronger in situ HCR signals for Proenkephalin (Penk) mRNA than 36-nt hairpin DNA (Supplementary Figure S3). Thus, 42-nt hairpin DNAs were used for in situ HCR to detect mRNAs in this study. Penk mRNA-positive cells were abundantly detected in the striatum after HCR amplification initiated by five split-initiator probe sets for Penk mRNA (Figure 3). Extending the incubation time with Alexa647-conjugated hairpin pairs (#S41 in Supplementary Table S1) from 45 min to overnight enhanced the fluorescence signal for Penk mRNA. The incubation of split-initiator probes with one of the hairpin pairs (H1) or the incubation of hairpin pairs (H1, H2) without split-initiator probes did not generate any signals, indicating the in situ HCR specific to Penk mRNA (Figure 3). In the absence of initiator probes, background signals slightly increased as the incubation continued.
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FIGURE 3. Time-dependent increase in fluorescence of in situ HCR using short hairpin DNAs. Penk mRNA expression in the mouse striatum was detected by Alexa647-conjugated hairpin DNA (#S41) and corresponding probe sets. Background signals were not subtracted. (A–C) Sections were hybridized with split-initiator probes followed by HCR amplification. (D–F) Sections were treated without probes, which was followed by HCR amplification. (G–I) Sections were hybridized with probes followed by only H1 hairpin DNA hybridization. (A,D,G) Incubation for 45 min with hairpin DNAs. (B,E,H) Incubation for 2 h with hairpin DNAs. (C,F,I) Overnight incubation with hairpin DNAs. Scale bars: 200 μm.



Since conjugated fluorophores and linkers affected the HCR efficiency in microtubes, we examined the effect of fluorophores and linkers on in situ HCR for Penk mRNA using the same five probe sets. Although the autofluorescence and detection conditions differed among the color spectra, Penk-positive neurons were observed using hairpins labeled with ATTO390, Alexa488, ATTO488, ATTO550, ATTO565, and Alexa647, but the signal intensity of ATTO390, ATTO488 and ATTO565 was weak (Figure 4). We obtained the best and brightest signals with the conjugation of ATTO550, and Alexa647, which is consistent with HCR efficiencies observed in microtubes (Figures 2B,C).
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FIGURE 4. Fluorophores conjugated to hairpin DNAs affect in situ HCR signal intensity. in situ HCR for Penk mRNAs in the mouse striatum using #S41 hairpin DNA. Various fluorophores were conjugated to the hairpin DNAs. All tissue sections were prepared from the same mouse. Background signals were not subtracted. Scale bars: 100 μm.



Consistent with in vitro HCR (Supplementary Figure S2), ssH-linked ATTO550 produced higher signal intensity for Penk-positive neurons than C6-linked ATTO550 (Supplementary Figure S4). The use of the ssH linker for Alexa488 or Alexa647 resulted in slightly stronger signals for Penk mRNA than that of the C6 linker (Supplementary Figure S4). PAGE purification of split-initiator probes for Penk mRNA increased fluorescent intensity compared with that of unpurified probes (data not shown).

We compared the sensitivity of in situ HCR using short hairpins with other ISH methods by detecting Oxtr mRNA, which we selected as an example of very low abundance mRNAs. After hybridization of 10 split-initiator probe sets for Oxtr mRNA, in situ HCR detected Oxtr mRNA signals in the rhomboid nucleus of the bed nucleus of the stria terminalis (BNST) and the magnocellular nucleus (MN) and weak signals in the principal nucleus of the BNST and the medial preoptic area (MPOA; Figures 5A,D; Young et al., 1997; Okabe et al., 2017). ISH with tyramide signal amplification failed to visualize Oxtr-positive cells in the BNST (Figures 5B,E). ISH using BCIP/NBT as chromogens demonstrated the distribution of Oxtr mRNA-positive cells consistent with that of in situ HCR, but there were much weaker and imprecise signals (Figures 5C,F,I). Almost all the HCR signals were observed near cell nuclei (Figure 5G). ISH with tyramide signal amplification produced a low signal-to-noise ratio results in cells at the BNST (Figure 5H).
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FIGURE 5. Detection of low abundance mRNA using in situ HCR. (A,D) In situ HCR using ATTO550-conjugated hairpin DNA (#S23) detected Oxtr mRNA in mouse brain. Amplification was performed overnight. (B,E) Fluorescent ISH with tyramide signal amplification for Oxtr mRNA. Oxtr mRNA was visualized by a combination of DIG-labeled probe, peroxidase-conjugated anti-DIG antibody, and tyramide Alexa568. (C,F) Chromogenic ISH for Oxtr mRNA by a combination of DIG-labeled probe, alkaline phosphatase-conjugated anti-DIG antibody, and BCIP/NBT. Color development was performed for 3 days. Panels (D–F) corresponds to dashed squares in panels (A–C), respectively. Panels (G–I) corresponds to dashed squares in (D–F). Scale bars: 400 μm (A–C), 100 μm (D–F) and 10 μm (G–I). BNST, bed nucleus of stria terminalis; BNSTpr, principal nucleus of BNST; BNSTrh, rhomboid nucleus of BNST; LPOA, lateral preoptic area; MN, magnocellular nucleus; MPOA, medial preoptic area.



Proteinase K treatment has been used for ISH and in situ HCR to improve the penetration of RNA/DNA probes and fluorophore-labeled hairpins by digesting proteins. However, proteinase K treatment damages endogenous proteins such as c-Fos, which is a commonly used marker of neural activity, which limits the usefulness of ISH combined with immunohistochemistry. Since our modified in situ HCR uses shorter probes than what has been previously used, proteinase K treatment may not be necessary. As predicted, in situ HCR using 42-nt hairpins and five sets of 39- and 36-nt split-initiator probes without proteinase K treatment detected vesicular glutamate transporter (Vglut) 2 in the MPOA (Figure 6C) and the paraventricular thalamus (PVT; Figure 6D) with the same or slightly decreased signal levels as tissues that did undergo proteinase K treatment.
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FIGURE 6. Modified in situ HCR without proteinase K treatment. Vglut2 mRNAs were detected in the mouse medial preoptic area (A,C,E) and PVT (B,D,F) using Alexa647-conjugated hairpin DNA (#S41). Amplification was performed for 2 h. (A,B) Sections were pretreated with proteinase K. (C,D) Sections were not treated with proteinase K. Maternal behavior-induced c-Fos immunoreactivity that was diminished by proteinase K treatment before hybridization. Panels (E,F) correspond to dashed areas in panels (C,D). Arrowheads indicate double-positive cells of c-Fos protein and Vglut2 mRNA. LPOA, lateral preoptic area; MPOA, medial preoptic area; PN, parataenial nucleus; PVT, paraventricular thalamus. Scale bars: 200 μm (A,C), 100 μm (B,D) and 40 μm (E,F).



Female mice induced c-Fos expression in the MPOA after the retrieval of pups (Tsuneoka et al., 2013, 2017b; Moffitt et al., 2018). In situ HCR without proteinase K treatment successfully detected abundant c-Fos-positive cells in the MPOA and PVT (Figures 6C,D), whereas the number of c-Fos-positive cells and the intensity of c-Fos immunoreactivity were drastically decreased after proteinase K treatment (Figures 6A,B). Vglut2-positive neurons were scattered in the MPOA, but most of them were not c-Fos positive (Figures 6E,F).



Multiplex in situ HCR

To test whether the hairpin DNAs separately detect different mRNAs in a single tissue section, we performed multiplexed in situ HCR. After 2 h of HCR amplification, dopamine receptor d1 (Drd1), Drd2 and Penk mRNAs were simultaneously detected in the mouse striatum using the corresponding probes (five probe sets for each mRNA) and hairpin DNA pairs conjugated to different fluorophores (Figure 7). Although Drd1 and Drd2 mRNA were abundantly expressed in the striatum, double-positive cells for Drd1 and Drd2 mRNAs were rarely observed (Figure 7). In contrast, most of the Drd2-positive cells were also Penk-positive. When observed at higher magnification, the subcellular distribution and abundance of fluorescence for Drd2 mRNA were distinct from those for Penk mRNA.
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FIGURE 7. Multiplex in situ HCR in the mouse striatum. Drd2, Penk and Drd1 mRNAs were detected by 2-h HCR that simultaneously used different probe-hairpin pairs: Alexa488-conjugated hairpin DNA (#S23) for Drd2, ATTO565-conjugated hairpin DNA (#S10) for Penk, and Alexa647-conjugated hairpin DNA (#S25) for Drd1. In the upper panels, background signals were not subtracted. Drd2-positive cells were also Penk-positive (arrowheads). Scale bars: 100 μm (Upper panel) and 10 μm (Lower panel).



We next examined the sensitivity and resolution of modified in situ HCR using two different probe sets for Moxd1 mRNA (Supplementary Table S2), which is a marker of sexually dimorphic nuclei (Tsuneoka et al., 2017a). One of them was five split-initiator probes containing #S41 initiator sequence and detected by ATTO550-conjugated hairpin pairs (#S41) and another was five split-initiator probes containing #S25 initiator sequence and detected by Alexa647-conjugated hairpin pairs (#S25). Both probe-hairpin combinations successfully detected Moxd1-positive cells in the BNST by 45-min HCR amplification (Figure 8A), which is consistent with the previous report (Tsuneoka et al., 2017a). At the highest magnification, almost all the ATTO550 and Alexa647 signals were observed as granules that colocalized within the cell (Figure 8B). Whereas 76.9% of ATTO550-positive granules were Alexa647-positive, 74.8% of Alexa647-positive granules were ATTO550-positive (247 and 254 granules in the total count, respectively).
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FIGURE 8. Redundant detection of Moxd1 mRNA using different probes. (A) In situ HCR using different probe-hairpin sets designed for different regions of the Moxd1 mRNAs. HCR for 45 min detected Moxd1 mRNAs in the bed nucleus of the stria terminalis. Five probe pairs were used for each channel. Fluorescent signals in Ch1 and Ch2 were detected using ATTO550-conjugated hairpin DNA (#S41) and Alexa647-conjugated hairpin DNA (#S25), respectively. (B) Representative photomicrograph showing subcellular resolution using the same probe-hairpin sets as in panel (A). Dotted circles indicate granules detected in both channels, and arrows indicate granules detected in one of the two channels. Scale bars: 20 μm (A) and 2 μm (B).






DISCUSSION

In this study, we designed new short hairpin DNAs and corresponding split initiator probe sets to achieve sensitive detection of various mRNAs. This study proposed short hairpin design rules as well as linker types and fluorophores suitable for in situ HCR. These hairpin sets successfully performed HCR both in vitro and in situ and detected multiple mRNAs simultaneously with virtually the same procedures for a single mRNA. Short probes and hairpin DNAs can penetrate tissues without proteinase K treatment as well as they can tissues with proteinase K treatment. Also, our modified in situ HCR technique provided highly sensitive mRNA detection for the visualization of less abundant mRNAs such as Oxtr.


Design of Short Hairpin DNA

To achieve efficient and optimal HCR, the lengths of the total hairpin and each domain are crucial. HCR progresses using the difference in free energy between a long double-strand formed by hairpin pairs and a short double strand of the stem domain of each monomer hairpin. Therefore, longer toehold/loop domains enhance HCR. The HCR efficiency was increased by the extension of the toehold sequence and was independent of the stem sequences shown in Figure 2A. The difference in free energy also depended on the GC contents in the toehold/loop domain. However, increased GC content in the toehold/loop and longer toehold/loop may lead to initiator-independent HCR (Ang and Yung, 2016).

The stability of each hairpin largely depends on the stem length and its sequence. In general, increased stem length and GC content enhance hairpin stability due to an increased number of hydrogen bonds. In this respect, we extended the stem length from 12-nt to 13- or 14-nt by shifting the transition between the stem and loop by one or two nucleotides [e.g., S23-H1: toehold (9 nt) -stem (12 nt)—A—loop (7 nt)—T—stem (12-nt); A and T are transition bases], which often decreased initiator-independent HCR but did not exhibit a decrease in HCR efficiency. Many designed hairpins showed a certain level of initiator-independent HCR, polymerization without an initiator. Many factors cause initiator-independent HCR (Chen et al., 2013). Practically, the purification of synthesized oligos is effective for reducing initiator-independent HCR, although the HPLC purification of DNA hairpins sometimes led to a low HCR efficiency compared with that of PAGE purification (data not shown). We also found that a biased abundance of G or C on one side of the stem domain decreased the stability of the hairpin monomer (Table 1). Although further investigation of the hairpin stability is needed, these data provide useful information regarding the design of new hairpin-based nonenzymatic circuits.

We also found that fluorophores conjugated with hairpin DNAs affect HCR, and the linker length between hairpin DNAs and fluorophores and the structure of fluorophores may be involved in this effect. When a C6-amino linker (6 carbon atom-length) was used to link hairpin DNAs with ATTO550 succinimidyl ester, HCR did not form long products (Supplementary Figure S2). In contrast, the ssH-amino linker (11 atom-length) enabled the HCR using the same hairpin DNA conjugated with ATTO550 (Figure 2 and Supplementary Figure S2), indicating that the use of a longer linker enhances the HCR. Similarly, the signal intensity of ATTO550-labeled hairpin DNAs via the ssH linker was brighter than via the C6 linker in situ (Supplementary Figure S4). Also, the ssH-amino linker achieves a high conjugation efficiency with succinimidyl esters and easy purification (Komatsu et al., 2008). We found efficient HCR amplification with fluorophore-labeled hairpin DNAs conjugated through an ssH-amino linker.

The presence of a linker-like linear structure in fluorophores is an additional factor to be considered for higher signal gain. Among the fluorophores examined, Alexa647, ATTO550, and ATTO488 have a linker-like linear structure (Figure 2). Hairpin DNAs conjugated with Alexa647 using the C6-amino linker led to over 10 kb HCR products (Supplementary Figure S2). Many fluorophores, such as the Alexa and ATTO series, have a comparable molecular structure and steric size to a single nucleotide molecule. Therefore, the use of a long linker and fluorophore with a linker-like linear structure is preferred because it is unlikely to cause steric hindrance against forming double-strands between hairpin DNA pairs. We found efficient HCR amplification with fluorophore-labeled hairpin DNAs conjugated through an ssH-amino linker, except ATTO565 and Alexa568 (Figure 2B), which have a very large molecular structure without any linker-like structure, although Alexa568 is widely used bright fluorophore in the immunohistochemistry and ISH. Such steric hindrance was further suggested in performing in situ HCR (Figure 4). The molecular structures of ATTO550 and Alexa647 succinimidyl esters are also very large, but they have a linker-like structure near the binding site, enabling efficient HCR amplification.



In situ HCR Using Short Hairpin DNA

The signal gain of HCR amplification by short hairpin DNAs was also confirmed in the mouse brain. In situ HCR showed that Penk mRNA was uniformly expressed in the mouse striatum (Figure 3), which was consistent with the results from previous ISH studies (Turchan et al., 1997; Lobo et al., 2006; Labouesse et al., 2018). The signal for Penk developed intensely after an overnight incubation as HCR amplification proceeded, although the overnight incubation also resulted in slight background staining. Such Penk-positive cells were never observed in the reaction buffer without H2 hairpin DNA, suggesting that simple hybridization of H1 with a probe for Penk mRNA was not enough to visualize Penk mRNA-positive cells.

Although modification and adoption of the short hairpin in situ HCR was reported to detect very abundant neuropeptide mRNAs (Sui et al., 2016), the amplification reached a plateau within an hour and the polymerized products were much smaller (approximately 1 kb) than those observed in the current study.

The gel electrophoresis of our short hairpin DNAs showed at least 400-fold amplification to develop more than 10 kb double-strand products from 42 nt single-strand hairpin DNAs (Figure 2). Compared with 42-nt hairpin DNAs, 36-nt hairpin DNAs exhibited lower HCR efficiency in vitro (Figure 2A) and in situ (Supplementary Figure S3), which may be due to a short toehold/loop length that renders hairpin monomer stable.

Such strong amplification by HCR using our short hairpin DNAs enabled us to visualize low abundance mRNAs such as Oxtr mRNA. Although G-protein-coupled receptors are often difficult to visualize by enzyme-based fluorescent ISH because of their low abundance, in situ HCR successfully detected weak Oxtr mRNA expression in the MPOA and BNST, consistent with previous studies (Young et al., 1997; Okabe et al., 2017) and Allen brain atlas3. Oxtr mRNA was detected using chromogenic ISH (CISH) using alkaline phosphatase and BCIP/NBT after a long chromogenic reaction which is thought to be most sensitive among enzyme-based conventional ISH (Bonn et al., 2012). We also confirmed that the sensitivity of CISH was superior to that of ISH with tyramide signal amplification for low abundance mRNA. Importantly, the distribution of Oxtr mRNA detected by in situ HCR was largely matched with the result of CISH, suggesting that the sensitivity of in situ HCR was comparable to that of CISH. Furthermore, in situ HCR has several advantages over CISH such as simultaneous multiplex imaging and an elevated ability for the probes to penetrate.



Probe Design

In this study, we detected six genes using five or ten sets of split probes per gene. In the original report of split probes (Choi et al., 2018), the authors recommended more than 20 sets of probes to increase signal/noise ratio and precision, because the number of probes theoretically correlates signal intensity. As shown in Figure 8, five sets of probes can visualize a single mRNA, although the imaging of a single-molecule requires a high N.A. lens (e.g., >1.3). Ten sets of probes allowed us to visualize low abundance mRNA such as Oxtr at a relatively low magnification using a 20× objective lens with 0.75 N.A. (Figure 5). Additional probe sets may increase signal/noise ratio and precision, while it costs more. The minimum number of probes for appropriate imaging needs to be determined by users based on many factors including the imaging environment, the intensity of autofluorescence, conjugated fluorophore, required resolution, and precision.

We designed split probes according to Choi et al. (2018). The sequence for probes were chosen in consideration of GC contents and homology without further optimization and evaluation, because the split probes were very robust for non-specific hybridization (Choi et al., 2018). Gene expressions shown in this study were consistent with previous studies. Therefore, the design of new probes for target genes is as easy and fast as probes for conventional ISH.

Probe penetration is a key factor for the sensitivity of ISH. To enhance penetration, proteinase K treatment has been widely used in ISH in addition to the fragmentation of long probes, although some endogenous proteins are degraded by proteinase K treatment. Some reports proposed organic solvents as an alternative to proteinase K treatment in the Drosophila embryo (Nagaso et al., 2001; Jaeger et al., 2004), but these techniques were not as effective as the proteinase K treatment in mouse neural tissue (data not shown). Therefore, in the case of ISH with immunohistochemistry, there was a trade-off in the use of proteinase K between better ISH probe penetration and better preservation of antigens, such as c-Fos, for immunohistochemistry of mouse neural tissue. There was a report on the combined use of in situ HCR with immunohistochemistry to detect both mRNA and proteins (Zhuang et al., 2020). However, the authors adopted proteinase K treatment, which requires additional optimization of immunohistochemistry such as adjusting the concentration of antibodies. In situ HCR using short hairpins overcomes these issues. In situ HCR without proteinase K treatment showed Vglut2 mRNA signals comparable to those observed following proteinase K treatment (Figure 6).



Multiplex in situ HCR

Using three hairpin DNA sets, in situ HCR demonstrated that Penk-positive cells in the mouse striatum were also Drd2-positive, but Drd1-negative (Figure 7). Almost all striatal neurons in mice express either Drd1 or Drd2 mRNA, and Drd2-positive neurons express Penk mRNA, as demonstrated by ISH, cell-assembly microarray using transgenic reporter mice and single-cell RNA-seq (Lobo et al., 2006; Heiman et al., 2008; Gokce et al., 2016; Labouesse et al., 2018). In situ HCR in this study exactly reproduced cell data revealed by the previous studies. Thus, multiplex in situ HCR works to visualize different sets of mRNAs simultaneously with a high signal-to-noise ratio. Tyramide signal amplification has been a popular approach for performing multiplexed fluorescent ISH (Zaidi et al., 2000; Lauter et al., 2011a,b; Bonn et al., 2012; Tsuneoka et al., 2015, 2017b). It has been used with different hapten-labeled probes, peroxidase-conjugated anti-hapten antibodies, and fluorophore-conjugated tyramides. ISH using tyramide signal amplification requires optimization for each step, requiring substantial labor from researchers. Also, antibody reactions and subsequent amplification steps should be performed separately for each target mRNA after the deactivation of the enzyme. In contrast, the in situ HCR system can simultaneously develop multiple colors and show autonomous suppression of noise without further optimization per target mRNA (Choi et al., 2014, 2018). Such advantages were also observed with the short hairpin DNAs designed in this study. Moreover, the current modification for the short hairpin DNA design implies further signal amplification by modifying the hairpin sequence, such as is used in the branched HCR system (Xu and Zheng, 2016; Bi et al., 2017; Liu et al., 2018; Wu et al., 2019).

Single-molecule fluorescent ISH has become a powerful technique not only for analyzing subcellular localization of specific mRNAs (Chen et al., 2016; Samacoits et al., 2018) but also for demonstrating the presence of low abundance mutant mRNAs (Haimovich and Gerst, 2018; Marras et al., 2019), long noncoding RNAs (Chen et al., 2016), ribosome-mRNA interactions (Burke et al., 2017) and comprehensive transcriptional analyses in situ (Shah et al., 2016; Moffitt et al., 2018). The signals from two different probes designed for detection of Moxd1 mRNA were largely matched to each other at subcellular resolution (Figure 8). This suggests that in situ HCR using short hairpin DNAs is also applicable for single-molecule fluorescent ISH with a specific imaging device, similar to the original hairpin in situ HCR methods (Choi et al., 2014, 2018). Because, we used a small number of probe sets (five probe sets) and the thresholds were determined to minimize false-positive signals derived from tissue autofluorescence, not all the signal from one channel coincide with those from another channel. Increasing the number of probe sets will gain a higher signal/noise ratio and precision.



Summary and Advantage of Short Hairpin DNA

In summary, our short hairpin in situ HCR enables the visualization of low abundance mRNA and multiple mRNAs and the simultaneous detection of mRNA and protein without proteinase K treatment. When designing short hairpins, the following points should be taken into account; length of toehold/loop, end bases of toehold/loop, the number of G and C on one strand of the stem domain, structures of fluorophores and linker length. The advantages of short hairpin DNAs are low cost and high permeability without proteinase K treatment. Given that the length of DNA decreases from 72 nt to 42 nt, the cost for oligo DNA synthesis per mole decreases by 66% (1–422/722). Also, as the oligos get longer, mis-synthesized oligos increase exponentially, which further makes short hairpins cost-effective.
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Gene therapy approaches using viral vectors for the overexpression of target genes have been for several years the focus of gene therapy research against neurological disorders. These approaches deliver robust expression of therapeutic genes, but are typically limited to the delivery of single genes and often do not manipulate the expression of the endogenous locus. In the last years, the advent of CRISPR-Cas9 technologies have revolutionized many areas of scientific research by providing novel tools that allow simple and efficient manipulation of endogenous genes. One of the applications of CRISPR-Cas9, termed CRISPRa, based on the use of a nuclease-null Cas9 protein (dCas9) fused to transcriptional activators, enables quick and efficient increase in target endogenous gene expression. CRISPRa approaches are varied, and different alternatives exist with regards to the type of Cas9 protein and transcriptional activator used. Several of these approaches have been successfully used in neurons in vitro and in vivo, but have not been so far extensively applied for the overexpression of genes involved in synaptic transmission. Here we describe the development and application of two different CRISPRa systems, based on single or dual Lentiviral and Adeno-Associated viral vectors and VP64 or VPR transcriptional activators, and demonstrate their efficiency in increasing mRNA and protein expression of the Cnr1 gene, coding for neuronal CB1 receptors. Both approaches were similarly efficient in primary neuronal cultures, and achieved a 2–5-fold increase in Cnr1 expression, but the AAV-based approach was more efficient in vivo. Our dual AAV-based VPR system in particular, based on Staphylococcus aureus dCas9, when injected in the hippocampus, displayed almost complete simultaneous expression of both vectors, high levels of dCas9 expression, and good efficiency in increasing Cnr1 mRNA as measured by in situ hybridization. In addition, we also show significant upregulation of CB1 receptor protein in vivo, which is reflected by an increased ability in reducing neurotransmitter release, as measured by electrophysiology. Our results show that CRISPRa techniques could be successfully used in neurons to target overexpression of genes involved in synaptic transmission, and can potentially represent a next-generation gene therapy approach against neurological disorders.

Keywords: CRISPR, CB1, Cas9 activators, AAV (Adeno-Associated virus), lentivirus, gene therapy


INTRODUCTION

Gene therapy approaches using engineered viral vectors have been for many years the focus of developing alternative treatment strategies against several neurological disorders, such as Parkinson’s disease, Alzheimer’s Disease and epilepsy. These strategies rely on the delivery of therapeutic genes in specific areas of interest and aim to interfere with disease processes or restore pathological alterations in brain networks key to the development of disease symptoms (Simonato et al., 2013; Simonato, 2014; Combs et al., 2016; Axelsen and Woldbye, 2018; Ingusci et al., 2019). Similar approaches, including also the use of transgenic animals or knock-down approaches, have also been used extensively to interrogate the function of specific genes in particular disease states. While valuable, these techniques often do not manipulate the expression of the endogenous gene locus and are mostly limited to affecting one target gene at a time (Kunieda et al., 2002; Götz and Ittner, 2008; Harvey et al., 2008, 2012; Dawson et al., 2018).

In the last years, CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats (CRISPR) associated nuclease 9) has revolutionized many areas of scientific research by aiding the development of advanced tools addressing certain limitations of traditional gene therapy approaches (Jie et al., 2015; Dai et al., 2016; Koo and Kim, 2016; Lino et al., 2018; Jacinto et al., 2020). Specifically, the development of inducible CRISPR-Cas9 transcriptional activator methods (CRISPRa) shows great potential toward studying the impact of upregulating genes that are involved in neuronal activity and synaptic function, particularly during disease states. These activator methods are based on the use of the nuclease-null (or “dead” dCas9) variants fused to transcriptional activator domains, allowing Cas9 to be used as a tool for modulate transcription activity (Gilbert et al., 2013; Maeder et al., 2013; Mali et al., 2013; Perez-Pinera et al., 2013; Chavez et al., 2015). The most popular of such CRISPR-Cas9 activator methods involves the use of VP64 (and combinations) transcriptional activator domains fused to the C-terminus of Streptococcus pyogenes (SP)-dCas9, and were shown to be able to increase endogenous expression (Gilbert et al., 2013; Mali et al., 2013; Perez-Pinera et al., 2013) of genes such as human VEGFA (Maeder et al., 2013), L1RN, SOX2, and OCT4 genes (Cheng et al., 2013). However, the large size of such constructs only allowed their insertion into Lentiviral (LV) particles. These viral vectors have limited distribution from injection sites, when compared to the more widely-used Adeno Associated Virus (AAV). More recently, several other transcriptional activator domains have been described, such as VPR (Chavez et al., 2015), a tripartite effector composed of VP64, p65, and Rta transcription activator domains showing much increased induction of gene expression compared to traditional VP64-based approaches. Chavez et al. (2015) demonstrated the possibility to strongly activate the expression of MIAT, NeuroD1, Ascl1, RhoxF2 genes using a dCas9-VPR activator system. In addition, an SpdCas9-VPR based approach has been recently shown to be effective in inducing Brain Derived Neurotrophic Factor (BDNF) gene expression in neurons (Savell et al., 2019). But, as stated above, the limited coverage area associated with LV injections in the brain renders this approach less ideal for studies requiring delivery of target genes in larger brain areas.

To package a VPR-based activator system in AAV vectors, Ma et al. (2018) were able to modify the canonical SpdCas9-VPR structure with a smaller ortholog from Staphylococcus aureus (SadCas9) and shorten the VPR domain. Although SpdCas9 and SadCas9 derive from different bacterial species, when fused to VPR they induce the same transcriptional activator mechanisms. This alternative SadCas9-based system when delivered in several cell lines, was able to induce overexpression of several target genes.

In the recent years, various combinations of dCas9 proteins and transcriptional activators have been used successfully to increase gene expression in vitro and in vivo (Chavez et al., 2016; Zhou et al., 2018). Single and dual AAV vector systems have proven functional in overexpressing a variety of target genes, but the possibility of changing neurotransmission by altering the expression of synaptic proteins in vivo with CRISPRa has not been fully explored yet.

In this study, we added to the growing toolbox of CRISPRa systems by developing and verifying the performance of different SpdCas9 and SadCas9-based activator approaches. To upregulate the expression of genes directly involved in neuronal and network activity, we aimed to adapt these technologies for the overexpression of Cnr1, the gene coding for Cannabinoid Receptor 1 (CB1), an endocannabinoid receptor expressed pre-synaptically in both excitatory and inhibitory neurons, responsible for feedback control of neurotransmitter release (Mackie, 2006).



MATERIALS AND METHODS


Design of sgRNAs

The sgRNAs were designed to bind the promoter region of the mouse Cnr1 gene. Using CHOPCHOP web tool1, we were able to select the optimum target site for CRISPR-Cas9 activation system. Four different sgRNAs were identified to bind 400 bp upstream to the transcription starting site (TSS) of the Cnr1 promoter. Each sgRNAs consist of 20-21 nucleotide followed by specific SaCas9 or SpCas9 sgRNA scaffolds. The sgRNAs sequences are provided in Supplementary Table 1.



Screening of gRNAs

Approximately 16000 HEK293T cells/well were plated in 96 well-plates. After 6 h, cells were co-transfected with a mixture polyethyleneimine (PEI) transfection reagent and SadCas9-VPR, sgRNAs-Cnr1, CMV-BFP and Cnr1-tdTomato expressing plasmids with a DNA molar ratio of 2:1:1:0.1, respectively in a total of 200 ng per well using PEI:DNA ratio of 5:1. For the control conditions, cells were transfected using the same conditions described before and a random sgRNA expressing plasmid instead of sgRNAs-Cnr1 plasmid. Forty eight hours after co-transfection, cell well fixed with 1% PFA and the fluorescent intensity of BFP and tdTomato were measured. The fluorescent intensity of BFP, tdTomato, and the ratio tdTomato/BFP were normalized with the control condition.



Molecular Cloning Methods

The molecular cloning methods (e.g., restriction digestion, ligation, and DNA electrophoresis in agarose gel) were performed according to standard procedures. DNA inserts and back bones were separately digested with restriction enzymes provided by Thermo Fisher Scientific and the ligation was performed according to the instruction provided by Anza T4 DNA ligase (Thermo Fisher Scientific). Zero Blunt TOPO PCR Cloning (Invitrogen) was used for the direct insertion of the sgRNAs-CNR1 blunt-end PCR product in a plasmid vector. The Golden Gate assembly method was used to accommodate the sgRNAs into the destination vector. The fragments were previously designed to have compatible 4 base overhangs in order to create circular vector (Engler et al., 2008; Potapov et al., 2018). The DNA was digested with restriction enzymes and the fragments were ligated with T4 DNA ligase (Thermo Fischer Scientific) in the same reaction. After the ligation reactions, the DNA was used to transform One Shot TOP10 (Invitrogen) or One Shot Stbl3 chemically competent bacteria (Invitrogen) using the heat-shock procedures. Plasmid DNA extraction and purification was done by using GeneJET Plasmid Miniprep Kit (Thermo Fischer Scientific) or PureLinkTM HiPure Plasmid Maxiprep Kit (Thermo Fisher Scientific) in other to obtain high number copies of transfection-grade plasmid. DNA fragments were isolated and purified from 1% agarose gel with the QIAquick Gel Extraction Kit (Qiagen).



Lentivirus and AAV Productions

Recombinant lentiviruses were produced by co-transfection of HEK 293T cells with the transgene vector and the packaging plasmids pBR8.91 and pMD2G using the standard PEI method (Zufferey et al., 1997; Quintino et al., 2018). The lentivirus were harvested 48 h post-transfection and the pellet was obtained by ultracentrifugation of the medium containing lentivirus at 77,000 g for 90 min. Subsequently, the lentivirus were titered by infecting the HEK293T cells and after 72 h the DNA was extracted from the cells using DNeasy blood and tissue kit (Qiagen). qPCR was performed to amplify the woodchuck hepatitis virus post regulatory element (WPRE) and the human albumin (Alb). Relative quantification of WPRE and Alb expression was calculated by ΔΔCT method (Livak and Schmittgen, 2001). The resulting values were then used to estimate the titer of each lentiviral vector produced (Quintino et al., 2013, 2018; Supplementary Table 2).

Recombinant AAV vectors were produced by co-transfection of HEK 293T cells with the transgene plasmid and AAV8 plasmid from Plasmid Factory (pdp8), using PEI transfection method (Gray et al., 2011). The AAVs were harvested 72 h after transfection using polyethylene glycol 8000 (PEG8000) for the AAVs precipitation and chloroform for AAVs extraction (Davidsson et al., 2019). The AAV were collected and resuspended in PBS using Amicon Ultra-0.5 Centrifugal filters (Merck Millipore) (Wu et al., 2001). To calculate the number of genome-containing particles of the AAVs, we first made a standard curve using 102–108 copies of linearized plasmid. Subsequently, purified AAV vectors and standard curve DNA samples were quantified by qPCR using WPRE primers.



Animals

P0-P1 animals of both sexes and 6–8 weeks old male C57BL/6 were used for in vitro and in vivo experiments, respectively. The experiments were conducted according to the Swedish Animal Welfare Agency as well as the international guidelines on the use of experimental animals.



Primary Neuronal Isolation and Transduction

Cortical primary neurons were obtained from P0-P1 day old C57BL/6 mice. The entire brain was removed from the skull and the cortical areas were dissected in a petri dish containing cold Hibernate-E media supplemented with B-27 serum. The tissue was subsequently digested in a solution containing Papain (Sigma) and HBSS (Gibco) for 30 min at 37°C and a single cell resuspension was formed. The cells were centrifuged at 150 g for 5 min and the pellet was resuspended by adding 2 mL of Neurobasal medium supplemented with B27, Glutamax and Pen/Strep. 110,000 cells/well were plated on Poly-D-Lysine coated coverslips in 24-well plates and incubated at 37°C in 5% CO2. Half of the medium was changed 24 h after isolation and then every 2 days. Primary neurons were transduced with lentiviral viral vectors at a multiplicity of infection (MOI) 5 for a single viral vector transduction and MOI 10 for a dual viral vector transduction. 110,000 cortical primary neurons were also transduced with AAVs at an MOI of 10,000. Control cells transduced with vectors without sgRNAs (Empty) and non-treated cells were in some cases pooled and are referred to as “controls,” as no difference was found in any of the analyzed parameters.



MEF Cell Culture and Transduction

Mouse Embryonic Fibroblast (MEF) were purchased from ATTC (ATCC® SCRC-1040 TM). The cells were cultured according to the standard procedures provided from the company. For the cell’s transduction, approximately 50,000 cells were plated in a 6 well plate. After 3 h, the cells were transduced at a multiplicity of infection (MOI) 5 for a single viral vector transduction and MOI 10 (5 for each virus) for a dual viral vector transduction. As for primary neurons, control cells transduced with vectors without sgRNAs and non-treated cells were pooled and are referred to as “controls,” as no difference was found in any of the analyzed parameters.



RNA Extraction and RT-qPCR

Animals used for RT-qPCR experiments were sacrificed by decapitation 3 weeks after lentivirus injection and 2 weeks after AAV injection. In correspondence to the injection site, the hippocampal hemisphere was removed and processed for total RNA extraction. Primary neurons an MEFs cultures were first washed with PBS to remove the residual medium, then there were processed for total RNA extraction. The RNA was extracted from hippocampal tissue, primary neurons and MEFs by Trizol reagent (Invitrogen) and purified using GeneJET RNA Purification Kit (Thermo Fisher Scientific), according to the manufacturer‘s instructions. On-column digestion of DNA was performed using the DNAse digestion Kit (Invitrogen). Approximately 70–300 ng of total RNA were retrotranscribed into cDNA using High-Capacity RNA-to-cDNATM Kit (Applied Biosystems) according to the manufacturer’s instructions provided. RT-qPCR using Taqman assay, was used to amplify the mouse Cnr1, Cas9, and Gapdh genes. The thermal cycle conditions included a denaturation cycle of 95°C for 10 min, followed by 40 cycle of amplification at 95°C for 15 s and 60°C for 1 min. The experiments of gene expression profiling were done in triplicate in three independent experiments. The results were analyzed using the 2-ΔΔCT method described by Livak and Schmittgen (2001) and the Gapdh gene was used to normalize the data.



RNASeq

RNA libraries from primary neuronal cultures were generated starting from 15 ng of total RNA at 10 DIV, 7 days after virus transduction. RNA was processed using the SMART-Seq v4 Ultra low input RNA kit (Takara) followed by Nextera XT DNA library kit. Samples were analyzed on Nextseq500 using NSQ 500/550 Mid Output KT v2 (150 CYS).



Western Blot

Total proteins were extracted using N-PERTM Neuronal Protein Extraction agents (Thermo Fisher Scientific). After extraction, the lysate was subsequently centrifuged at 10,000 × g for 10 min at 4°C and the supernatant containing the proteins was used for protein quantification by Bradford assay. Five to twenty microgram of proteins were separated in a BoltTM 4–12% Bis-Tris precast polyacrylamide gel (Thermo Fisher Scientific) and subsequently transferred to PVDF membranes using a Trans-Blot Turbo Transfer system (BioRad). Membranes were incubated about 6 h with a TBST solution (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) supplemented with 5% skim milk (Sigma-Adrich). Membranes were washed three times for 10 min with a TBST solution and incubated over-night with the primary antibody anti-CB1 (Rabbit, Immunogenes, 1:1000 or Cayman Chemicals, 1:200) in TBST and 5% skim milk. Subsequently, the secondary antibody was added in a concentration of 1:1000 (anti-rabbit HRP; Abcam) for 2 h at room temperature. The blots were subsequently developed with the ECL substrate (PierceTM ECL western blotting substrate) according to the manufacturer’s protocols. After protein detection, the membrane was treated with a stripping solution (1M Tris-HCL, 20% SDS and β-Mercaptoethanol) and incubate with the anti-β-actin antibody conjugated with HRP (Sigma-Aldrich 1:50,000) for 1 h at room temperature. The blots were washed and developed with the ECL method described before. Image capture was performed with a ChemiDoc XRS + camera from BioRad. Expression levels were calculated with ImageLab software and normalized to β-Actin.



Immunocytochemistry

Primary neurons were rinsed in PBS and rapidly fixed in 4% PFA for 15 min at room temperature (RT). Cells were permeabilized using a PBS solution containing 0.25% Triton X-100 (PBST) for 15 min at RT and then blocked for 2 h in PBST containing 5% Donkey serum. Primary antibodies were diluted in a PBST supplemented with 5% Donkey serum and incubated over night at 4°C. The primary antibody used were mouse anti-Map2 (Immunogene, 1:500) and rabbit anti HA-Tag (Thermo Fisher Scientific, 1:500). The secondary antibodies anti-mouse CY5 and anti-rabbit CY3 were added in a concentration of 1:500 an incubated for 2 h at RT in the dark. Primary neurons were washed with PBS for three times and subsequently loaded on a glass slide using a DABCO containing Hoechst diluted 1:1000. Images were taken on a Olympus BX51 upright fluorescent microscope. Quantification of markers was carried out manually by examining randomly three fields from three independent experiments and presented as percentage of double labeled cells.



Lentiviral and AAV Injections in Mouse Hippocampus

C57BL/6 mice were anesthetized using ∼2.5% Isoflurane and subsequently fixed into a stereotactic frame. The lentiviral resuspension was injected into two different points according to the following coordinates: Medio-Lateral (ML) 2,9, Antero-Posterior (AP) -3,6, Dorso-Ventral (DV) -3,6 and -2,8 (from Dura) and ML 3,6; AP -3,2 and DV -3,5 and -1,5 (from Dura). The AAV resuspension was also injected into two different positions according to the following coordinates: AP -2,2, ML -1,7, DV-1,9 and -1,3 (from Dura) and AP -3,3, ML -3,0 and DV -3,7 and -2,7 (from Dura). Two different injection points were used to reach both dorsal and ventral hippocampus. 0,5 μL of lentiviral resuspension and 0,4 μL of AAVs resuspension were injected for each injection point at rate of 0,1 μL/min using a glass capillary.



In situ Hybridization

The in situ hybridization was performed using the RNAScope method from Advanced Cell Diagnostics (ACD). According to the standard procedures, the mouse brain was removed from the skull and immediately frozen in liquid nitrogen. Before sectioning, the frozen brain was equilibrated for ∼1 h at −20°C. Subsequently, 15 μm thick sections were mounted onto Superfrost Plus Slides and kept drying at −20°C for 1 h. The slides were fixed in a chill 4% PFA for 15 min and immediately used for alcoholic dehydration procedure. The slides were kept drying at room temperature for 2 min before to proceed with the in situ hybridization protocol provided. The ZZ RNAScope probes used were the murine Cnr1, saCas9, EGFP, positive control Mm-Ppib and negative control DapB probes. The Supplementary Table 3 shows the details of the probes used in these experiments. TSA Plus Cyanine 5 (Cy5) or FITC detection kit in a concentration 1:750 were used for signal amplification. At the end of the procedures, approximately 4 drops of DAPI were added to each slide. The slides were quickly covered with a ProLong Antifade Mountant (Invitrogen) and closed using a glass coverslip. The samples were kept dry and processed for confocal imaging the day after using a Nikon A1 + confocal microscope equipped with 405, 488, 561, and 640 nm laser lines.

Analysis for quantification of RNAScope signals was performed using the Spot Detection algorithm in NIS Elements Advanced software (Nikon). Settings were selected to detect bright spots, clustered, with a typical diameter of 0.7 μm and contrast at 68.1. A region of interest (ROI) was drawn around the DG, CA3 and CA1 principal cell layers from images obtained with a 20 × 0.75 N.A. objective at Nyquist resolution (pixel size 0.14 μm), and detected spots were counted and normalized by the ROI area.



Electrophysiology

Three to six weeks after viral vector injections, animals were briefly anesthetized with isofluorane and decapitated. The brains were quickly removed and immersed into ice-cold cutting solution, containing, in mM: sucrose 75, NaCl 67, NaHCO3 26, glucose 25, KCl 2.5, NaH2PO4 1.25, CaCl2 0.5, and MgCl2 7 (pH 7.4, osmolarity 305–310 mOsm). The cerebellum was discarded, the hemispheres were separated by a single midline cut and transverse 400 μm slices were cut with a vibratome (VT1200S, Leica microsystems). Three to four slices per hemisphere were collected and stored into a submerged recovery chamber filled with cutting solution for 30 min at 34°C, before being transferred to a second maintenance chamber filled with recording aCSF, containing in mM: NaCl 119, NaHCO3 26, glucose 11, KCl 2.5, NaH2PO4 1.25, CaCl2 2, and MgSO4 1.3 (pH 7.4, osmolarity 295–305 mOsm). All solutions were constantly bubbled with carbogen gas (95% O2 and 5% CO2).

For recordings, individual slices were transferred to a dual superfusion recording chamber (Supertech, Hungary) where they were perfused on both sides with recording aCSF at a speed of 2.5 mL/min/channel, heated to 38°C by an in-line heater placed 10–20 cm before the recording chamber and a bubble trap. This assures a constant temperature in the chamber of 34°C. GFP fluorescence was inspected by illuminating the slices with a 488 nm LED light source (Prizmatix, Israel) while observing the image through a camera. Only slices where GFP expression was deemed sufficient and covered the whole hippocampal formation were used for recordings. At this stage, some of the slices showing good GFP expression were immediately and quickly frozen in dry ice for western blot experiments.

Glass capillaries pulled from borosilicate glass and back-filled with recording aCSF were used as both stimulation and recording electrodes. Stimulating electrodes were placed in the middle portion of the stratum radiatum in CA1 to stimulate Schaffer collaterals originating from CA3 pyramidal neurons, and were connected to a current stimulator, where single 0.1 ms, 20–150 μA square pulses were delivered through the electrode every 15 s. Field excitatory post-synaptic potentials (fEPSPs) were monitored from the stratum radiatum of CA1 through the recording electrode connected to a EPC-10 amplifier (HEKA, Germany) and PatchMaster software (HEKA), and sampled at 20 kHz. Only recordings showing clear separation between the stimulation artifact, the pre-synaptic fiber volley and the fEPSP were used for further analysis. An input-output analysis was performed on each slice to assess slice quality, and slices responding with fEPSPs of <1 mV amplitude at maximal stimulation (typically 120–150 μA) were discarded. Baseline stimulation strength was set at 40% of the maximum. After recording a stable baseline period of 20 min, WIN 55,212-2 (Sigma-Aldrich, Sweden) was dissolved in DMSO and added to the perfusion aCSF to reach a final concentration of 1 μM and a DMSO dilution of at least 1:10,000. While recording baseline, DMSO without WIN in aCSF was used as recording solution.

After recordings, slices were fixed in 4% PFA overnight, and GFP expression was once again confirmed by fluorescence microscopy the day after.



Statistical Analysis

All data are presented as the mean ± SEM, and n values indicate the number of independent experiments performed, the number of individual mice or slices. Significant differences were evaluated using an unpaired Student’s t-test with Welch’s correction or Mann-Whitney test where two groups were compared, or one-way analysis of variance (ANOVA) with Dunnett‘s post hoc test for multiple comparisons. Electrophysiological data was analyzed with two-way repeated measures ANOVA followed by Sidak’s multiple comparison test to test for differences between time points over time. Statistical analyses were performed using Prism software (GraphPad). Group differences were considered statistically significant at ∗p < 0.05.



RESULTS


SpdCas9 Based Lentiviral System for the Spatial Control of Cnr1 Gene Expression

We first generated two different Lentivirus-based CRISPR-dCas9 activator systems able to induce spatial control of Cnr1 expression in mammalian target cells (Figures 1A,E). Both technologies are based on guide RNAs components, targeting the promoter region of the Cnr1 gene, and the inactivated version of the Cas9 enzyme derived from Streptococcus pyogenes (SpdCas9). The first system consists in a single vector carrying SpdCas9 fused to the transcriptional activator domain VP64, a reporter gene GFP separated by a 2A sequence and four sgRNAs (LV-SpdCas9-VP64-Cnr1, Figure 1A). The general promoter UbC drives the expression of SpdCas9-VP64-2A-GFP, while the four gRNAs are driven by the human or murine hH1, h7SK, hU6 and mU6 promoters (Figure 1A). The second system is composed by SpdCas9 fused to the transcriptional activator domain VPR in one vector (driven by the human Synapsin promoter, LV-SpdCas9-VPR), and sgRNA components together with a reporter gene GFP in a second vector (LV-Cnr1-gRNA, Figure 1E).


[image: image]

FIGURE 1. SpdCas9 based lentiviral system and modulation of Cnr1 gene expression in vitro. (A) Schematic illustrating the main components of the single lentiviral vector LV-SpdCas9-VP64-Cnr1. (B) mRNA expression level of the Cnr1 gene in primary neurons transduced with the single lentiviral vector LV-SpdCas9-VP64-Cnr1 (Cnr1-gRNA) compared with controls (Ctrl) (Unpaired Student’s t-test, ***p < 0.001). (C) Expression level of the two immunoreactive CB1 bands (∼33 and 45 kDa) in primary neurons (Cnr1-gRNA vs. Ctrl, Unpaired Student’s t-test, *p < 0.05). (D) WB analyses of total protein lysates from primary neurons. The upper panel shows the detection of the immunoreactive CB1 bands (∼33 and 45 kDa) and the lower panel shows β-actin detection for loading control. (E) Schematic of the main components of the dual viral vector system LV-SpdCas9-VPR and LV-Cnr1-gRNA. (F) mRNA expression level of the Cnr1 gene in primary neurons transduced with the dual viral vector system LV-SpdCas9-VPR and LV-Cnr1-gRNA (Cnr1-gRNA) compared with controls (Ctrl) (Unpaired Student’s t-test, ***p < 0.001). (G) mRNA expression level of the spdCas9 gene in primary neurons (Unpaired Student’s t-test, **p < 0.01). (H) Expression level of the two immunoreactive CB1 bands (∼33 and 45 kDa) in primary neurons (Cnr1-gRNA vs. Ctrl, Unpaired Student’s t-test, ***p < 0.001). (I) WB analyses of total protein lysates from primary neurons. (J1–J4) Representative micrographs obtained with fluorescence microscopy of cortical primary neurons. The images show the Hoechst nuclear staining (Blue; J1), RFP expression (Red; J2) and GFP (Green; J3) expression. Scale bar: 80 μm.


We first evaluated constructs efficiency in MEFs cultures that do not normally express high level of Cnr1. MEFs were transduced with lentivirus carrying the single construct and after 72 h we validated gene activation by RT-PCR. Gene expression analysis showed a significant upregulation of Cnr1 gene in MEFs transduced with LV-SpdCas9-VP64-Cnr1 compared with controls (Fold Change (FC) 50.7 ± 0.57; Ctrl vs. Cnr1-gRNA; p < 0.001; n = 6) (Supplementary Figure 1A).

To evaluate the efficiency of the single lentiviral vector in neurons, we used cortical primary neurons from early post-natal mice. Primary neurons were transduced with lentivirus 3 days after neuronal isolation (DIV 3) and 10 days after, we validated the efficiency of the vector by RT-PCR and WB analysis. Gene expression profiling using RT-PCR revealed a significant upregulation of Cnr1 gene in cortical primary neurons transduced with the LV-SpdCas9-VP64-Cnr1, compared with controls (FC 3.6 ± 0.17; Ctrl vs. Cnr1-gRNA; p < 0.001; n = 6) (Figure 1B). Western blot analysis revealed two immunoreactive CB1 bands in primary neurons. The most prominent immunoreactive band had a molecular mass of ∼33 kDa and the additional band a molecular mass of ∼45 kDa. Protein expression analysis showed an increased expression of the immunoreactive CB1 band with a molecular mass ∼45 kDa in primary neurons transduced with LV-SpdCas9-VP64-Cnr1, compared with controls (FC 2.7 ± 0.82; Ctrl vs. Cnr1-gRNA ∼45 kDa, p < 0.05, n = 6 and FC 1.2 ± 0.36, Ctrl vs. Cnr1-gRNA ∼33 kDa; p > 0,05; n = 6) (Figures 1C,D).

Taken together, these data show that using this strategy, we were able to increase the expression of CB1 receptors in MEF and in primary neurons at both mRNA and protein levels.

To ensure the highest possible expression levels of both SpdCas9 and sgRNAs components, and selectively direct SpdCas9 expression into neurons, we designed instead a dual lentiviral vector system (Figure 1E). Compared to the single-vector strategy, this approach involves the transcriptional activator domain VPR that it is noted to greatly increase gene expression compared to VP64 domain (Chavez et al., 2015). To validate the performance of the dual-vector system in neurons, primary neuronal cells from postnatal mice were transduced with LV-SpdCas9-VPR and LV-Cnr1-gRNA at DIV3, and RT-PCR, WB and immunofluorescent (IF) analysis was performed 10 days after.

Similar to the single-vector system, RT-PCR analysis showed a significant upregulation of the Cnr1 gene in cortical primary neurons transduced with the vector combination compared with controls (FC 2.7 ± 0.07; Ctrl vs. Cnr1-gRNA; p < 0.001; n = 6) (Figure 1F). Using the same method, we also evaluated the SpdCas9 gene expression and detected a significant presence of SpdCas9 in primary neurons transduced with LV-SpdCas9-VPR and LV-Cnr1-gRNA compared with non-treated controls (FC 342.0 ± 50.9; Ctrl vs. Cnr1-gRNA; p < 0.001; n = 6) (Figure 1G).

In parallel, WB analysis showed an increased expression of the immunoreactive CB1 band with a molecular mass ∼45 kDa in treated primary neurons compared with controls (FC 4.98 ± 0.12; Ctrl vs. Cnr1-gRNA ∼45 kDa; p < 0.001; n = 6 and FC 0.96 ± 0.25 Ctrl vs. Cnr1-gRNA ∼33 kDa; p > 0,05; n = 6) (Figures 1H,I), and IF analysis revealed co-localization of the mature neuronal marker Map2 and RFP (Figures 1J1–4), indicating that the constructs were expressed correctly in mature neurons.

These results indicate that the dual lentiviral viral vector system can infect primary neurons and most importantly is able to upregulate Cnr1 gene expression at mRNA and protein level. Using these strategies, we were able to continuously express SpdCas9 and modulate Cnr1 gene expression immediately after the viral vector treatment.



SpdCas9 Based Lentiviral System for the Temporal Control of Cnr1 Gene Expression

Specific gene expression modulation in neuronal cell populations could be a powerful tool to analyze the mechanisms underlying neuronal circuits, and the CRISPR-Cas9 based technologies described above are able to continuously upregulate the expression of Cnr1 in all neurons. However, Cnr1 expression in the brain is highly dynamic and plastic, and differently responds to distinct network states. Cnr1 expression is for example highly and consistently downregulated during the early stages of epileptogenesis, and therefore designing an overexpression system with precise temporal control might be more appropriate when considering CRISPR/Cas9 gene therapy for disease modification.

Toward this goal, we generated a dual lentiviral vector CRISPR-Cas9 system for temporal control of SpdCas9-VPR and Cnr1 gene expression. In these constructs, the SpdCas9-VPR transgene is under the control of the Tetracycline Responsive Element (LV-TRE-SpdCas9-VPR), while in the second vector the promoter CamKIIa1.3 controls expression of the Doxycycline-sensitive transcriptional activator rtTA and the reporter gene GFP, separated by a 2A sequence (LV-Cnr1-gRNA-rtTA-GFP). This second vector also expresses four sgRNAs under the control the human or murine hH1, h7SK, hU6 and mU6 promoters (Figure 2A). With this strategy, SpdCas9-VPR is expressed only during periods of Doxycycline (Dox) administration.
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FIGURE 2. Doxycycline-inducible SpdCas9-VPR system. (A) Schematic illustrating the main components of the DoxCRISPR-Cas9 dual lentiviral system LV-TRE-SpdCas9-VPR, LV-Cnr1-gRNA-rtTA-GFP, and LV-Empty. (B) The bar graphs show the mRNA expression level of the Cnr1 gene in primary neurons transduced with the DoxCRISPR-Cas9 dual lentiviral system at two different time points (Cnr1-gRNA + Dox 1 and 6 days), compared to non-transduced (Ctrl), non-treated (Cnr1-gRNA -Dox) controls and cells transduced with LV-Empty and receiving Dox (Empty + Dox) (One-way ANOVA followed by Dunnett’s multiple comparison test, **p < 0.01 and ***p < 0.001). (C) WB analyses of total protein lysates from primary neurons. The upper panel shows the detection of the immunoreactive CB1 bands (∼33and 45 kDa) and the lower panel shows β-actin detection for loading control. (D) Expression level of the two immunoreactive CB1 bands (∼33 and 45 kDa) in primary neurons (One-way ANOVA followed by Dunnett’s multiple comparison test, *p < 0.05).


We evaluated the efficiency of the DoxCRISPR-Cas9 dual lentiviral system in both MEFs and in cortical primary neurons under different conditions of Dox administration. Dox was administered for 1 or 6 days after lentiviral co-transduction, and Cnr1 gene upregulation was evaluated by RT-PCR and WB analysis. RT-PCR showed a significant upregulation of Cnr1 in MEFs after 1 day (FC 7.38 ± 0.73; Cnr1-gRNA + Dox 1 day; p < 0.05; n = 6) and 6 days (FC 10.04 ± 0.72; Cnr1-gRNA + Dox 6 days; p < 0.001; n = 6) exposure to Dox compared to both non-transduced (Ctrl) and non-treated (-Dox) controls, or cells transduced with an empty gRNA vector and exposed to Dox (Empty + Dox, Supplementary Figure 1B). Similarly, RT-qPCR showed a significant upregulation of Cnr1 gene (FC 4.22 ± 0.43; Ctrl vs. Cnr1-gRNA + Dox 6 days; p < 0.001, n = 6; FC 3.25 ± 0.33; Ctrl vs. Cnr1-gRNA + Dox 1 day; p < 0.001, n = 6) (Figure 2B) in cortical primary neurons.

CB1 protein expression analysis by WB in primary neurons showed the same expression patterns obtained in the single and dual lentiviral vector system described before. The analysis showed an increased expression of the immunoreactive CB1 band with a molecular mass ∼45 kDa in samples co-transduced with LV-TRE-SpdCas9-VPR and LV-Cnr1-gRNA-rtTA-GFP by 1 and 6 days exposure to Dox (FC 2.58 ± 0.18 Ctrl vs. Cnr1-gRNA + Dox 6 days ∼45 kDa; p < 0.05, n = 3; FC 1.72 ± 0.21 Ctrl vs. Cnr1-gRNA + Dox 1 day ∼45 kDa; p < 0.05, n = 3) (Figures 2C,D).

Taken together, these data show that it is possible to achieve temporal control of Cnr1 gene expression by Dox administration, with significant increases in both mRNA and protein levels with as little as 1 day of Dox exposure.



SpdCas9-VPR Expression in the Mouse Hippocampus

Our in vitro data shows that we are able to induce expression of CB1 receptors in neuronal cultures, but to potentially apply this technology for disease modeling or modulation, we needed to confirm its function also in vivo. We therefore injected adult C57BL/6J mice with the combination of LV-SpdCas9-VPR and LV-Cnr1-gRNA, previously described in Figure 1E, in the hippocampus. After 3 weeks, we analyzed the mouse brains for both histological and molecular evaluations.

Histological analysis of hippocampal slices showed only a very limited expression of RFP in all major principal cell layers (Figure 3A), and RT-PCR showed no significant upregulation of the Cnr1 gene in the injected hippocampi compared with non-treated controls (FC 1.43 ± 0.43; p > 0.05; n = 4), despite SpdCas9 being expressed at significant levels (p < 0.05; n = 4) (Figure 3B).
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FIGURE 3. Histological and molecular evaluation of spdCas9-VPR and Cnr1 expression in the mouse hippocampus. (A1–A3) The images show coronal sections (30 μm) of mouse hippocampus injected with the combination of LV-SpdCas9-VPR and LV-Cnr1-gRNA. Representative images of RFP expression (Red) and Hoechst nuclear staining (Blue) in CA1 (A1), CA3 (A2), and DG (A3). Scale bar: 50 μm. (B) The bar graphs show the mRNA expression level of the Cnr1 and spdCas9 genes in mouse hippocampus (Cnr1-gRNA vs. Empty, Mann-Whitney test, *p < 0.05).


These data suggest that although the dual viral vector system is able to increase the expression of the neuronal gene in in vitro models such as in primary neurons and MEF, the same system is not able to upregulate Cnr1 gene expression in in vivo mouse brain.



Generation of SadCas9-VPR Viral Vector Technology for the Overexpression of Cnr1 Gene

The limited hippocampal expression of the lentivirus based SpdCas9 system in vivo prompted us to refine this technology for a better translation into animal models. Lentiviruses have the advantage of a large transgene capacity, but their spread into brain tissue outside of the injection site is limited. In addition, after transduction, the transgene is integrated randomly into the host cell genome, with unpredictable outcome on potential integration on silenced genomic regions. To ensure the highest possible expression levels of dCas9-VPR and sgRNAs, as well as optimize the spread of viral vector in target brain areas, we assembled different constructs for Adeno-Associated vectors (AAVs). The main limitation of AAV vectors consists on their limited packaging capacity, which is around 4.8 kb, including 300 bp of their Inverted Terminal Repeats (ITRs). Since the size of the SpdCas9 transgene is substantial (4.1 kb) there is limited space left for promoter and the VPR transcriptional activator on the same vector. The use of a smaller dCas9 variant is therefore necessary. A recent report has described the development of a “mini-dCas9-VPR” variant based on the dCas9 protein from Staphylococcus aureus (Sa) and a modified, shortened version of the VPR activator (Ma et al., 2018). We adapted this system and integrated it with a second vector carrying the necessary gRNAs and a reporter gene. Our modified CRISPRa SadCas9-VPR vector system is composed of two vectors: first, the SadCas9 variant fused to the transcriptional activator domain VPR under the control of the human Synapsin 1 gene promoter (hSyn1), to confer highly neuron-specific transgene expression (Kügler et al., 2003) as well as the hemagglutinin tag (HA-tag) for construct expression validation trough immunohistochemical analysis (AAV-SadCas9-VPR). Preliminary data (data not shown) suggested that the nuclear import of the mini VPR system was suboptimal in neurons. Therefore, we further reengineered the mini-dCas-VPR system by removing the original nuclear localization signals and adding synthetic ones (Ma et al., 2018). Second, the sgRNA vector contained a reporter gene GFP under the control of the CamKIIa1.3 promoter to selectively identify the expression in the excitatory neurons and up to 4 sgRNA designed selectively to target the promoter region of the Cnr1 gene (AAV-Cnr1-gRNA). Each sgRNA is expressed separately as earlier, and driven by hH1, h7SK, hU6 and mU6 promoters. Lastly, we also designed a non-targeting control vector using the same AAV-CamKIIa-GFP construct but without the sgRNAs (AAV-Empty) for the determination of baseline cellular responses in the different experimental conditions (Figure 5A).



Validating sgRNAs for the SadCas9 CRISPRa System

We engineered four independent sgRNA to selectively bind the mouse promoter Cnr1, using the in silico tool CHOPCHOP2 and selected the best sgRNAs based on their predicted scores for specificity to minimize off-target binding (Figure 4A). However, although in silico methods such as these are highly efficient, the validation of individual sgRNAs is still necessary, especially for a system based on SadCas9.
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FIGURE 4. Schematic illustrating the main components used for the validation of the mouse Cnr1-sgRNA for the CRISPR-Cas9 transcriptional activator system. The illustration (A) show the plasmids carrying four independent sgRNAs to selectively bind the mouse promoter Cnr1. The illustration (B) show the plasmid carrying the target mouse genomic sequence Cnr1 and the plasmid coding the SadCas9-VPR. (C) The combination of all four independent sgRNAs can induce a significant up-regulation of tdTomato intensity. (One-way ANOVA followed Dunnett’s multiple comparison test, gRNA vs. Ctrl, **p < 0.01) compared to single sgRNAs.


We used HEK293T cells transfected with several plasmids: one is carrying the target mouse genomic sequence Cnr1 (−500 to −50 bp from the TSS), ahead of tdTomato; the second is coding SadCas9-VPR; the third carries CMV-BFP for normalization of expression levels and the last plasmids carry individual sgRNAs (Figures 4A,B, sequences in Supplementary Table 1). An increase in tdTomato intensity is used as a performance marker for single sgRNAs, meaning that the particular sgRNA is capable of binding to the Cnr1 genomic sequence ahead of tdTomato and drive expression of the fluorescent protein.

Using this tool, we detected a significant up-regulation of tdTomato intensity when cells were co-transfected with the combination of all four sgRNAs (sgRNA 1/2/3 and 4 vs. all individual sgRNA1–4; FC 1.53 ± 0.08, p < 0.05; n = 4), but not with individual sgRNAs (Figure 4C). These results suggest that the engineered sgRNA are able to bind the target mouse genomic sequence before the Cnr1 TSS and modulate the expression of the reporter gene tdTomato, but only when acting in concert. This is in line with other reports showing a synergistic action of multiple sgRNAs acting on the same genomic target (Cheng et al., 2013).



SadCas9-VPR Induces an Overexpression of Cnr1 Gene in Cortical Primary Neurons

To evaluate the specificity and the efficiency of the dual AAV viral vector system (Figure 5A) on Cnr1 gene expression, we first validated both constructs in an in vitro model, as earlier. Cortical primary neurons were transduced at DIV3 with a combination of AAV-SadCas9-VPR and AAV-Cnr1-gRNA or AAV-empty. Seven days after we evaluated vectors specificity and efficiency by next generation sequencing (NGS), RT-qPCR and ICC.
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FIGURE 5. SadCas9-VPR based AAV vector system and modulation of Cnr1 gene expression in cortical primary neurons. (A) Schematic illustrating the main components of the CRISPRa SadCas9-VPR vectors system. The first vector expresses the SadCas9 variant fused to the transcriptional activator domain VPR under the control of the hSyn1 promoter (AAV-SadCas9-VPR), the second vector carrying the individual sgRNAs contains the reporter gene GFP under the control of the CamKIIa1.3 promoter (AAV-Cnr1-gRNA), and the third vector represents the empty control (AAV-empty). (B) Fold change expression in mRNA levels plotted against baseline expression for potential off-target genes where sgRNAs designed for Cnr1 bind within 2kb of the TSS (black) or within promoter regions (green) (Unpaired t-test *p < 0.05). (C) mRNA expression levels of the Cnr1 gene in primary neurons transduced with AAV-SadCas9-VPR and AAV-Cnr1-gRNA (Cnr1-gRNA) compared with non-treated controls and empty controls (Empty) (One-way ANOVA followed Dunnett’s multiple comparison test, ***p < 0.001). (D) mRNA expression level of the saCas9 gene in primary neurons (One-way ANOVA followed Dunnett’s multiple comparison test, ***p < 0.001). (E) Total protein western blot from primary neurons showing increased CB1 expression in cells treated with AAV-SadCas9-VPR and AAV-SadCas9-VPR (Cnr1-gRNA) compared to Empty vector controls (Cnr1-gRNA vs. Empty, Mann-Whitney test, *p < 0.05). (F1–F4,G1–G4) Representative micrographs obtained with fluorescence microscopy of cortical primary neurons transduced with CRISPRa SadCas9-VPR vectors system to up regulate Cnr1 gene expression. (F1–4) The images show the Hoechst nuclear staining (Blue; F1), Microtubule associate protein 2 staining (Map2; Red; F2) and GFP (Green; F3) expression. Scale bar: 50 μm. (G1–G4) The images show the Hoechst nuclear staining (Blu; G1), Hemagglutinin Tag staining (Ha-Tag; Red; G2) and GFP (Green; G3) expression. Scale bar: 80 μm.


To evaluate the specificity of our designed sgRNAs (packaged in AAV-Cnr1-gRNA) in targeting only the promoter region of the Cnr1 gene in the mouse genome, we first determined potential off-target sites with a maximum of four base pair mismatch using the online CasOFF Finder tool (Bae et al., 2014). This returned a list of 171 potential off-target sites (full list in Supplementary Table 4), of which 14 were within 2 kb of a TSS and only 2 were in a promoter region, specifically in the promoter of Pdss1 and Mrps6 (Figure 5B, green dots). RNASeq analysis from primary neurons showed that none of these 16 genes were significantly altered in cells treated with the AAV-SadCas9-VPR and AAV-Cnr1-gRNA vector combination, but indicated that Cnr1 was significantly upregulated (Figure 5B).

To further confirm Cnr1 upregulation, we performned RT-qPCR on a separate set of cultures, and confirmed a significant upregulation of Cnr1 in cortical primary neurons transduced with AAV-SadCas9-VPR and AAV-Cnr1-gRNA compared with non-treated controls (Ctrl vs. AAV-gRNA-Cnr1; FC 3.92 ± 0.45, p < 0.0001; n = 9) and with the non-targeting controls (AAV-Empty; p < 0.0001; n = 9, Figure 5C). RT-qPCR also confirmed the presence of SadCas9 in the cortical primary neurons transduced with AAV-SadCas9-VPR compared with non-treated controls (Ctrl vs. AAV-gRNA-Cnr1 and Ctrl vs. Empty, p < 0.0001, n = 6, Figure 5D). Western blot experiments further showed that also CB1 protein levels were increased in cells treated with the AAV-gRNA-Cnr1 vector compared to AAV-Empty (FC 2.73 ± 0.55, p < 0.05, n = 5, Figure 5E).

Immunocytochemistry analysis revealed co-localization of mature neuronal marker Map2 and GFP in cortical primary neurons transduced with AAV-SadCas9-VPR and AAV-Cnr1-gRNA, where 96.31% of primary neurons expressing Map2 co-localized with GFP. These results indicate that the vectors are able to infect mature excitatory neurons (Figures 5F1–4). ICC analysis also revealed a high co-localization of HA-Tag and GFP (86.59% of GFP positive neurons co-localized with the HA-Tag), indicating that SadCas9 protein is expressed in targeted neurons. These results show additionally that AAV-SadCas9-VPR and AAV-Cnr1-gRNA (GFP) are expressed in the same neuronal population confirming the efficiency and applicability of this dual viral vector system (Figures 5G1–4).



SadCas9-VPR and Cnr1 Expression in the Mouse Hippocampus

After confirming the functionality of our system in primary neurons, we injected the same mixture of AAVs into the hippocampus of adult mice. Histological evaluation of hippocampal slices revealed extensive expression of GFP throughout all hippocampal layers, as well as significant dorso-ventral coverage. Because of the lack of well-performing antibodies against SaCas9 or the HA-tag in slices, we used a dual RNAscope in situ hybridization to simultaneously evaluate the expression of the SadCas9 and GFP mRNAs in vivo. Probing with a specific probe against SadCas9 revealed expression of the mRNA in all principal cell layers of the hippocampus, as well as in putative interneurons (Figure 6) only on the ipsilateral side, confirming that our AAV-SadCas9-VPR can efficiently infect target neurons and induce expression of the SadCas9 mRNA. In addition, GFP mRNA expression was also seen in all principal layers of the hippocampus (GFP in the second vector is driven by the CaMKIIa promoter), and the GFP and SadCas9 in situ signals were overlapping in virtually all expressing cells (SadCas9 expression in GFP positive cells: 97.5 ± 2.1% in DG, 98.2 ± 1.8% in CA1 and 97.9 ± 2.1% in CA3, Figure 6), indicating the simultaneous expression of both AAVs in all transduced cells also in vivo.


[image: image]

FIGURE 6. Expression of SadCas9 and GFP mRNAs in the mouse hippocampus. In situ hybridization was performed with a two RNAscope probes targeting SadCas9 and GFP mRNA. The images show coronal sections (15 μm) of mouse hippocampus injected with AAV-SadCas9-VPR and AAV-Cnr1-gRNA. Representative images for SadCas9 (A; Yellow dots), GFP mRNA (B; Cyan dots) and DAPI (C; Magenta dots). High magnification images show SadCas9 and GFP mRNA expression in the DG (D1–D4), CA1 (E1–E4) and CA3 (F1–F4). Scale bar in (A–C) is 250 μm, (D–F) 25 μm.


CB1 receptors are expressed on both excitatory and inhibitory synaptic terminals, but at very different levels. While their expression and localization on pre-synaptic boutons in GABAergic terminals is easily visualized by immunohistochemistry, their expression level on glutamatergic synapses is very low and cannot be reliably visualized and measured by antibody-based techniques (Marsicano and Lutz, 1999; Katona, unpublished). We therefore applied the RNAscope technology also for visualizing and quantifying the amount of Cnr1 mRNA in situ in hippocampal slices from animals injected with our vector combinations.

In animals injected with AAV-SadCas9-VPR and AAV-empty, Cnr1 mRNA was easily visualized in all principal layers of the hippocampus, with higher expression in CA1 and CA3 compared to the DG, where only few positive signals were detected in granule cells (Figure 7). This is according to previously published reports showing that DG mossy fibers are less sensitive than Schaffer collaterals to CB1 receptor agonists (Hofmann et al., 2008; Caiati et al., 2012). In animals injected with the AAV-Cnr1-gRNA vector and AAV-SadCas9-VPR, a significant fivefold upregulation of Cnr1 mRNA was observed particularly in DG granule cells (from 21,549 ± 2,257 in AAV-Empty to 114,343 ± 22,675 in AAV-Cnr1-gRNA, density of particles per mm2, p < 0.05, Figures 7A–D,M), but also to a lesser extent in the CA3 area (from 253,322 ± 11,107 to 331,531 ± 24,530, p < 0.05, Figures 7E–H,M). Quantification of Cnr1 mRNA signal on putative interneurons was not possible due to the very high basal level of expression even in control conditions.


[image: image]

FIGURE 7. Expression of the Cnr1 mRNA in the mouse hippocampus. In situ hybridization was performed with the RNAscope probe targeting Cnr1 mRNA. The images show coronal sections (15 μm) of mouse hippocampus injected with AAV-SadCas9-VPR and AAV-Cnr1-gRNA (Cnr1-gRNA) or AAV-SadCas9-VPR and AAV-empty (Empty). Representative images for Cnr1 mRNA (Yellow dots) and Dapi (Magenta dots) in the DG (A–D), CA3 (E–H), and CA1 (I–L). Scale bars are 25 μm. gcl: granular cell layer; mol: molecular layer; h: hilus; o: stratum oriens; pyr: pyramidal layer; rad: stratum radiatum. (M) Bar graphs showing the quantification of Cnr1 mRNA signal expressed in density of particles per mm2 in the DG, CA3, and CA1 hippocampal regions of the experimental groups CNR1 gRNAs and Empty. N = 5–9 slices from 3 animals per group. (Cnr1-gRNA vs. Empty, Unpaired t-test ∗∗p < 0.01; *p < 0.05).


Taken together, these data show that our dual AAV-based system can be successfully expressed in the brain of adult animals and is able to significantly upregulate the expression of Cnr1.



Functional Evaluation of Cnr1 Upregulation in the Hippocampus

The in situ hybridization data indicates that our AAV-based CRISPRa system can significantly upregulate Cnr1 mRNA in vivo, but this does not necessarily translate into increased protein levels and does not offer any insight into the function of the upregulated gene. Toward these aims, we injected unilaterally another cohort of animals with AAV-SadCas9-VPR and AAV-Cnr1-gRNA or AAV-empty vector combinations, and 3–6 weeks later performed western blot and electrophysiological investigations to confirm CB1 upregulation and gain-of-function. After the slicing procedure for electrophysiology, some of the slices in the ipsilateral side were immediately frozen in dry ice, before proceeding with protein extraction and western blot analysis. Immunoblot quantification, similarly to what observed in primary cultures, showed two distinct bands and a significant upregulation of the 45 kDa band in slices animals injected with AAV-Cnr1-gRNA compared to AAV-empty (Empty vs. Cnr1-gRNA, FC 1.80 ± 0.28, p < 0.05, n = 6 animals) but no change in the 33 kDa band (Figure 8A).
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FIGURE 8. Expression of CB1 protein in the mouse hippocampus and functional validation of overexpression. (A) Total protein western blot from hippocampal tissue showing increased CB1 expression in animals treated with AAV-SadCas9-VPR and AAV-SadCas9-VPR (Cnr1-gRNA) compared to Empty vector controls (Cnr1-gRNA vs. Empty, Mann-Whitney test, *p < 0.05). (B) Representative traces showing fEPSPs recorded from CA1, before (black and dark red) and 25 min after WIN 55,212-22 application (WIN, gray and light red), in hippocampal slices from the Empty (left) and Cnr1-gRNA groups (right). Stimulation artifacts were cropped. (C) Quantification of fEPSP slope over time, displayed as percentage from baseline, during the period of WIN application (Cnr1-gRNA vs. Empty, Two-way repeated measures ANOVA followed by Sidak’s multiple comparison test, *p < 0.05).


The remaining hippocampal slices that were not processed for western blot were used for electrophysiological investigations of CB1-mediated decrease in synaptic transmission. Activation of CB1 receptors by endocannabinoids or other agonists induces downstream the inhibition of voltage-gated calcium channels and therefore reduces the release of neurotransmitters at the synapses on which it is expressed (Godino et al., 2007). A stimulating and a recording electrodes were placed in the stratum radiatum of area CA1, and field excitatory post-synaptic potentials (fEPSPs) were induced by electrical stimulation of Schaffer collaterals every 15 s. Representative traces are shown in Figure 8B. To quantify the CB1-mediated impact on synaptic transmission in these synapses, after measuring a 20 min baseline period, we applied in the bath the CB1 receptor agonist WIN 55,212-2 at a concentration of 1 μM and continuously monitored the pre-synaptic fiber volley and slope of the fEPSPs. In both slices from animals injected with AAV-SadCas9-VPR and AAV-Cnr1-gRNA (Cnr1-gRNA group) or AAV-SadCas9-VPR and AAV-empty (Empty group), we could observe a constant decrease in the slope amplitude starting from approximately 10 min after WIN application, peaking at 25 min. When comparing the relative decrease in slope over time between the two groups, we could observe that WIN had a stronger effect in the Cnr1-gRNA group starting from approximately 18 min after WIN application (Figure 8C, ∗p < 0.05, n = 6 slices from 6 animals per group), indicating that potentially an increased number of CB1 receptors at these synapses would induce a stronger reduction in pre-synaptic neurotransmitter release. Importantly, WIN effects in both groups were completely abolished by co-application of the CB1 receptor antagonist/inverse agonist AM251, and fiber volley amplitudes were constant over time (data not shown), confirming the specificity of this approach.



DISCUSSION

The study of complex neuronal function sometimes requires the use of tools able to specifically increase expression of target genes. In this study, we describe two flexible and efficient approaches for overexpressing target gene expression in neurons, and we demonstrate their ability to increase CB1 expression both in vitro and in vivo.

Classic gene overexpression approaches rely on the ability of lentiviruses or AAVs to deliver transgenes in target neurons, but are affected by several limitations. The packaging size of viral vectors in particular is limited, and does not allow the incorporation of long genes or combination of genes. These limitations could be largely overcome by using a CRISPRa system, where the transgene cargo size is fixed and gene targets are determined solely by altering sgRNAs sequences. Here, we packaged different variants of CRISPRa systems in both lentiviruses and AAVs and show that while both systems are similarly effective in overexpressing CB1 receptors in vitro, there is a significant difference in performance when injected in the brain in vivo.

Our first lentiviral based approach is based on a single-vector system where the “dead” Cas9 protein from Streptococcus pyogenes (Sp), transcriptional activators and sgRNAs are packaged together in one virus. Using the EF1a promoter or CamKIIa promoter, this design only allows the insertion of smaller transcriptional activator modules, such as VP64, and not larger but theoretically more efficient fusion activators such as VPR (Chavez et al., 2015). To incorporate the VPR activator, and restrict expression the excitatory neurons, we developed a dual-vector system where expression of dCas9 and sgRNAs are confined to separate lentiviruses. Both systems were successful in inducing the expression of Cnr1 mRNA and protein in MEFs and primary neuronal cultures, but surprisingly, we did not notice major differences in efficiency and gene induction strength between VP64 and VPR-based systems, as was instead previously described (Chavez et al., 2015; Bao et al., 2017), with both approaches able to increase expression by 3–4-fold in neurons. The amount of upregulation achieved by our system is similar to what previously observed by other research groups using both AAV and Lentivirus based approaches (Savell et al., 2019; Colasante et al., 2020), despite the use of different activator domains or target genes. This observation raises the interesting possibility that different activator domains might be more efficient in inducing expression of certain genes but not others, and even if multiple domains are used in concert to theoretically increase output, some genes cannot be overexpressed more than a given amount. In line with this concept, induction of Cnr1 mRNA was significantly higher in MEFs (∼50-fold). This suggests, as previously described by others as well (Konermann et al., 2015; Chavez et al., 2016), that CRISPRa efficiency could be dependent on basal expression levels of the target genes, since MEFs do not normally express CB1 receptors while primary neurons physiologically do. In addition, at least for our AAV system based on SadCas9, multiple sgRNAs targeting the same gene at different locations are required to significantly increase mRNA transcription, as previously shown (Lau et al., 2019). Whether sgRNA synergy is required or not could, however, also be dependent on the specific gene targeted as in some cases one individual sgRNA is sufficient for significant gene induction of other typically neuronal genes (Colasante et al., 2020).

One notable observation from our western blot experiments was the presence of two discrete bands after immunodetection, one at approximately 30–35 kDa and the other at 45–50 kDa. CB1 receptors are glycosylated proteins, and different levels of glycosylation could explain the different apparent molecular weight observed on the membranes (Song and Howlett, 1995). In addition, CB1 mRNA could also undergo different splicing alternatives, resulting in an N-terminal modified isoform which is shorter than full length CB1 (Shire et al., 1995). However, this does not explain why our CRISPRa-induced overexpression only affected the larger molecular weight receptors, as increasing mRNA expression would theoretically result in proportional increase in protein levels from all alternative splicing forms, unless the splicing machinery would become overwhelmed and not able to process mRNAs as effectively when there are increased amounts present. This seems, however, unlikely as the mRNA increase was only 3–5-fold, but it’s a possibility that cannot be excluded. Alternatively, the presence of two bands could be explained by poor antibody performance and specificity, as it was only observed in western blots performed with the Immunogenes primary antibody and not with the Cayman antibody (which was used in Figure 5E). However, the Immunogenes antibody we used did not detect any protein in membranes loaded with samples from CB1 knock-out animal brains (data not shown), rendering this possible explanation highly unlikely. In addition, similar results have also been observed in other laboratories using the same primary antibody (Katona, unpublished observation), but the true nature of the two separate putative CB1 isoforms remains to be clearly elucidated.

To further extend the potential applications of our CRISPRa systems, we modified the dual vector approach for temporal control of target gene induction, by incorporating a Doxycycline sensitive induction control (TetON). In primary neurons transfected with the two lentiviruses, we were able to significantly induce CB1 expression by exposing cells to Dox for 1 or 6 days, and importantly, we did not detect significant induction of gene expression in the absence of Dox, validating the possibility that our CRISPRa dCas9-VPR system can be used when temporal control of gene induction is necessary. Similar systems have been used recently in the brain, for both CRISPRa and gene editing (Kumar et al., 2018; Colasante et al., 2020), indicating that such an approach could represent a robust strategy for temporal control of gene regulation.

To assess the functionality of the lentivirus-based dual vector system in vivo, we injected the viral combination in the hippocampus of wild type mice, and observed only a very limited expression of the reporter gene RFP in principal cell layers. Real time PCR analysis in the whole hippocampus revealed the expression of the dCas9 mRNA but failed to detect differences in Cnr1 expression levels between groups. This was most likely due to the limited number of cells transduced by our viral combination, where non-transduced neurons masked the effect of a potential successful upregulation of Cnr1 in transduced cells. The limited expression of transgene in the injected hippocampi, despite the injection of a combined 2 μL in four sites and a relatively high viral titer, is in line with what has been recently shown in other studies using similar CRISPRa approaches (Savell et al., 2019), and the reason has to be found on the intrinsic properties of the viral particles themselves. Lentiviruses have a medium-high packaging capacity but their larger size limits the viral spread from the injection sites, thereby resulting in a limited target area coverage. However, the use of lentiviruses could still be desirable for situations where the modification of only a limited number of neurons is necessary, as for the investigation of the impact of few cells on behavior (Zheng et al., 2018) or for interfering with small epileptic foci.

Our results with lentiviruses have prompted us to explore the possibility of applying an AAV-based CRISPRa approach to increase hippocampal coverage and thereby render the system more applicable for cases in which large areas need to be transduced. However, the SpdCas9 protein fused to the VPR activator cannot be introduced into AAV particles due to the large size of their coding DNA, which exceeds the packaging capacity of AAVs. We therefore turned to CRISPRa system based on dCas9 from Streptococcus aureus (Sa), a Cas9 ortholog with much smaller size and a smaller VPR domain (Ma et al., 2018). By modifying both the dCas9 protein and the VPR activator, we were able to fit the whole construct, including a neuron specific hSyn promoter, into AAV particles and produce viruses with high titer capable of transducing neurons both in vitro and in vivo.

In vitro performance of the AAV-based CRISPRa system was comparable to what we have seen with lentiviruses, but the coverage of hippocampal areas in vivo was significantly larger. With two injection sites and four total deposits of viral particles we were able to cover most of the dorso-ventral axis of the hippocampus. In addition, we demonstrate that using a dual viral vector approach does not present significant drawbacks, at least in the case of AAVs, as both in vitro and in vivo we observed very high co-transduction rates, indicating using two separate viral vectors to maximize expression of dCas9-VPR and sgRNAs separately can be used to activate genes as there is robust colocalization. However, when thinking about potential clinical applications of CRISPRa strategies, a dual vector system might not satisfy biosafety regulations for the use of AAVs in humans. In this case, continuous engineering of promoters, activator domains and regulatory sequences would be required to fit all components into a single AAV, in the cases where one sgRNA is sufficient to drive enough overexpression, as recently shown (Lau et al., 2019).

To quantify Cnr1 mRNA expression in different hippocampal subregions we turned to RNAScope in situ hybridization, and observed a significant upregulation of Cnr1 in the dentate gyrus and CA3 areas, but not in CA1. In particular, the upregulation was more pronounced in the DG, where basal expression levels of Cnr1 are lower (Monory et al., 2006; Frazier, 2007), again confirming that CRISPRa tools are more efficient in inducing genes with low basal expression levels. In addition, western blot experiments confirmed that mRNA upregulation was reflected in protein expression, indicating that our system was functional in vivo, and could be used for interfering with CB1 expression in the hippocampus.

Nevertheless, increased CB1 protein levels at the western blot level does not necessarily mean that a gain-of-function can be achieved at the synaptic level, where CB1 receptors are normally expressed. It is possible that overexpressed receptors might not position correctly at synapses and could not be exerting their physiological function. It was previously shown, however, that overexpression of CB1 by AAV vectors was able to protect against seizure-induced excitotoxicity (Guggenhuber et al., 2010), indicating that overexpressed CB1 receptors should position and function correctly. To confirm the functionality of CB1 receptor overexpression, we performed field recordings in the CA1 area of the hippocampus from mice, and found that application of the CB1 agonist WIN 55,212-2 induced a bigger decrease in synaptic transmission in slices from animals injected with the vector combination containing Cnr1 sgRNAs compared to those receiving the Empty vector. The observed decrease in synaptic transmission is in line with what previously observed by others in similar experimental setups (Kawamura et al., 2006; Takahashi and Castillo, 2006). Importantly, fiber volley amplitude was not affected, confirming that the effect was dependent on decrease in synaptic transmission and not on decreased afferent fiber stimulation over time.

The AAV-based system we describe here is made for constitutive expression, but could be easily adapted for temporal control of gene expression, using a similar approach as we described for our lentivirus-based CRISPRa vectors (Savell et al., 2019). In addition, it could be even made responsive to intrinsic neuronal activity, but incorporating activity-dependent promoters, or limited in expression to selective cell populations by adapting it for Cre-lox recombination strategies. These modifications will enable cell-type or circuit specific targeting to study the impact of target gene overexpression in more details.

The potential of CRISPRa gene therapy approaches for the treatment of neurological diseases is immense, also considering the relative ease of use and transferability to other models or even species. However, there are still several unknowns about the long-term use and safety of such approach. While it is certain that with time research will properly investigate this, at present the major drawback is represented by the uncertainty around the potential immunogenicity of bacterial proteins in human cells. It has been in fact previously shown that injection of AAVs encoding non-self-proteins (including the seemingly innocuous GFP) in non-human primates can elicit immune response and inflammation (Ciesielska et al., 2013; Yang et al., 2016), but whether that is the case for Cas9 and its derivates is presently unknown. Another concern revolves around the potential off-target effects of sgRNAs, but in this case the likelihood of deleterious effects is lower in CRISPRa approaches compared to CRISPR gene editing, as no DNA cleavage is involved.



CONCLUSION

In conclusion, we show that gene modulation by CRISPRa in vivo in the brain can be successfully adapted to increase expression of synaptic proteins, and add to the growing CRISPRa toolbox for the potential development of gene therapy approaches against neurological disorders.
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Not recognized Faint Mild** Abundant***
0 0 0 2 1 3
1 0 0 3 2 5
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3 1 0 0 1 2
4 2 4 2 2 10
5 2 4 1 0 7
Total 7 9 9 6 31

Note: *For example, the stem domain sequence of GCGAGGACCACG comes to 1 because the sequence has five Gs and four Cs. **The abundance of initiator-independent HCR was
less than that of unreacted hairpins. *** The abundance of initiator-independent HCR was the same or more than that of unreacted hairpins.
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Antibody name Company Catalog Work
number concentration

First antibody

E-cadherin Abcam ab76055 1:500
KRT7 GeneTex GTX107343 1:500
CD44 GeneTex GTX102111 1:500
OCT4 Bioss bs-0830R 1:250
SOX2 Abcam ab92494 1:100
NANOG Abcam ab24624 1:1000
SSEA4 Abcam ab16287 1:200
TRA-1-81 Abcam ab16298 1:100
TRA-1-60 Abcam ab16288 1:100
PAX6 DSHB 3B5 1:50
SOX1 Abcam ab109290 1:200
SIX3 Rockland 600-401-A26  1:500
OoTX2 Abcam ab21990 1:500
LHX2 Santa Cruz sc-81311 1:200
VSX2 Millipore ab9016 1:500
MCM2 Abcam ab4461 1:1000
BRN3 Santa Cruz SC-6026X 1:200
AP2 DSHB 3B5a 1:35
PROX1 Millipore AB5475 1:2000
PKC-a Abcam ab32376 1:2000
CRALBP Abcam ab15051 1:200
Recoverin Millipore ab5585 1:500
Rhodopsin Abcam ab3267 1:200
L/M opsin Giift from Dr Jeremy Nathans 1:5000
S opsin Giift from Dr Jeremy Nathans 1:5000
Z0-1 Thermo Fisher 33-9100 1:400
RPEGS Abcam ab78036 1:400
MITF Abcam ab12039 1:400
Second antibody

donkey anti-rabbit (555) invitrogen A31572 1:500
donkey anti-rabbit (488) invitrogen A21206 1:500
donkey anti-mouse (488)  invitrogen A21202 1:500
donkey anti-mouse (555)  invitrogen A31570 1:500
donkey anti-goat (555) invitrogen A21432 1:500

donkey anti-sheep (488) invitrogen A11015 1:500
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Genes

Exogenous genes (RPE65-hiPSCs) for RT-PCR

0OCT4

SOX2

KLF4
Sv4oLT
ORIP
EBNA-1
miR-302-367
GAPDH

Enogenous genes (RPE65-hiPSCs) for RT-PCR

0OCT4
SOx2
NANOG

Genes (retinal differentiation and RPE cells) for Q-PCR

GAPDH
PAX6
Vsx2
MITF

RX
RPE6G5
CRALBP

Size (bp)

657
534
401
491
544
666
322
542

323
448
237

120
120
122
201
81

259
173

Forward

AGTGAGAGGCAACCTGGAGA
ACCAGCTCGCAGACCTACAT
CCCACACAGGTGAGAAACCT
TGGGGAGAAGAACATGGAAG
TTCCACGAGGGTAGTGAACC
ATCGTCAAAGCTGCACACAG
TTTCCAAAATGTCGTAATAACCCCG
ACCACAGTCCATGCCATCAC

CGAGCAATTTGCCAAGCTCCTGAA
CCCCCGGCGGCAATAGCA
AAGGTCCCGGTCAAGAAACAG

TCGTGGAAGGACTCATGACC

AGT GAA TCA GCT CGG TGG TGT CTT
GGCGACACAGGACAATCTTTA
TGACCGCATTAAAGAACTAGGT
AGCGAAACTGTCAGAGGAGGAACA
GCCCTCCTGCACAAGTTTGACTTT
GCTGCTGGAGAATGAGGAAACTC

Reverse

AGGAACTGCTTCCTTCACGA
CCCCCTGAACCTGAAACATA
CCCCCTGAACCTGAAACATA
AGGAACTGCTTCCTTCACGA
TCGGGGGTGTTAGAGACAAC
CCCAGGAGTCCCAGTAGTCA
CTCCCAAAGAGTCCTGTTCTGTCCT
TCCACCACCCTGTTGCTGTA

TCGGGCACTGCAGGAACAAATTC
TCGGCGCCGGGGAGATACAT
CTTCTGCGTCACACCATTGC

AGGCAGGGATGATGTTCTGG

TGC AGA ATT CGG GAA ATG TCG CAC
TTCCGGCAGCTCCGTTTTC
AGTTCCTGTATTCTGAGCAACA
TCATGCAGCTGGTACGTGGTGAAA
AGTTGGTCTCTGTGCAAGCGTAGT
GGCTGGTGGATGAAGTGGAT
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Model

Efficiency

Toxicity

Route

References

Nonviral
Bio-reduceable lpids nanoparticles

Complexes Ribontcieoprotein
CRISPR:Gold nanoparticles
dCas9-Suntag-TETICD Al-in-one
vector

Extracelluler vesicles (EVS) derived
from SHEDs

viral

AWV serotypes 8 and 9 (HIT)

AAV2-HBKO serotype

Cas9/gRNA into exo-AAVT

LVVs d-Cas9-KRAB

Rosa26!M™mt mouse

Thy1-YFP, Ai9 and Fmr1 KO adlit mice
Mouse fetal brain at E14

Unilateral rat PD model of 6-OHDA
Fetal brain and aduit mouse model of
retinitis pigmentosa

Adult male Rhesus macaques

Tg2576 mice

Mice with Syt deficiency

Highly protein delivery but minimal
difusion

High
High

High

Low, partial recovery of vision

High number of transduced motor
neurons

Insufficient AVV-delivery of CRISPR

Very high

Low

Potentially accumulate but
tolerated in the brain
No significant offtargets

None

Hich on-target specificity of
HITI (90%-95%)

Perivascular cufing and cellular
infitration in the thalamus but
none presented any gross
adverse dlinical signs
Non-assessed

Mirimal off-target effects

DM, DG, MD, cortex, BNST,
LSV, paraventricular nucleus of
hypothalamus (PVN), and lateral
hypothalamus (LH)

Intracranial injection in the
striatum

In utero electroporation into VZ

Intranasal administration

In utero electroporation and
direct injection in the visual
cortex

Bllaterally thalamic injection

Direct injection in the
hippocampus
Stereotactically in the DG

Wang et al. (2016)

Lee et al. (2005)
Morta et al. (2016)

Narbute et al.
2019)

Suzuki et al. (2016)

Naidoo et al. (2018

Gydray etal. (2018)

Zheng etal. (2018)

Currently, rationaly engineered viruses are the most suitable approach for selective neural gene-therapy replacementin mammals; however, the efiiciency and off-target effects of CRISPR-Cas variants stil need to improve before use in
cliical scenarios. Therefore, manufacturing new AAV serotypes that can easil cross the BBB and distribute broadly with a single injection will be an intense area of research in molecuiar neurascience in the following years. Hopefull,
identification of successful doses pre-clinically and maturation of multiplex d-Cas9 AAV-CRISPRa/CRISPRI platforms will support the introduction of carefully requiatad gene editing/gene therapy to the trsatment of PD and AD patients.
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Targeting sequence  Aptarget InhibitorID  Inhibitor sequence  Predicted binding  Buried area Shape complementarity
energy (kcal/mol) (K2 (Sc; Lawrence and Colman, 1993)
BKLVFFAZ! ABs KeA1 TLWYK —16 280 065
ABso KeAz EHWYH —13 278 07
GBA1 HYFKY —19 271 067
TGGVVIA®R A GBAZ HYYIK —15 252 072
G6A3 KYYEI —14 270 066
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