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            Abstract
Mutations in PLP1, the gene that encodes proteolipid protein (PLP), result in failure of myelination and neurological dysfunction in the X-chromosome-linked leukodystrophy Pelizaeus–Merzbacher disease (PMD)1,2. Most PLP1 mutations, including point mutations and supernumerary copy variants, lead to severe and fatal disease. Patients who lack PLP1 expression, and Plp1-null mice, can display comparatively mild phenotypes, suggesting that PLP1 suppression might provide a general therapeutic strategy for PMD1,3,4,5. Here we show, using CRISPR–Cas9 to suppress Plp1 expression in the jimpy (Plp1jp) point-mutation mouse model of severe PMD, increased myelination and restored nerve conduction velocity, motor function and lifespan of the mice to wild-type levels. To evaluate the translational potential of this strategy, we identified antisense oligonucleotides that stably decrease the levels of Plp1 mRNA and PLP protein throughout the neuraxis in vivo. Administration of a single dose of Plp1-targeting antisense oligonucleotides in postnatal jimpy mice fully restored oligodendrocyte numbers, increased myelination, improved motor performance, normalized respiratory function and extended lifespan up to an eight-month end point. These results suggest that PLP1 suppression could be developed as a treatment for PMD in humans. More broadly, we demonstrate that oligonucleotide-based therapeutic agents can be delivered to oligodendrocytes in vivo to modulate neurological function and lifespan, establishing a new pharmaceutical modality for myelin disorders.
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                    Fig. 1: Germline Plp1 suppression in jimpy rescues lifespan and restores functional myelin.[image: ]


Fig. 2: Efficient ASO-mediated transcript suppression in OPCs and oligodendrocytes in vivo.[image: ]


Fig. 3: Postnatal delivery of Plp1-targeted ASOs rescues lifespan and oligodendrocytes with partial restoration of myelin in jimpy mice.[image: ]


Fig. 4: ASO-mediated Plp1 suppression in jimpy leads to functional myelin, improved control of respiratory function and prevention of hypoxia-induced mortality.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 CRISPR nuclease induction of Plp1 frameshift mutations in jimpy with high accuracy.
a, Annotated Sanger sequencing traces of wild-type, jimpy, and CR-impy mice showing the complex, frameshift in Plp1 exon 3 from dual cutting of CRISPR/spCas9 sgRNAs in CR-impy mice as well as the jimpy point mutation in intron 4. sgRNA 3 and 7 sequences outlined by black boxes with the predicted double strand break site shown a black arrow. b, Table showing the top predicted on- and off-target sites for sgRNAs 3 and 7. CRISPR-induced indels were detected by whole genome sequencing of the CR-impy founder and three independent CR-impy F2 generation males, and consisted of an on-target 80bp complex deletion (CR-impy deletion) in exon 3 of Plp1 (green), an off-target 1 bp insertion in chromosome 6 (red), and an off-target 1 bp insertion in chromosome 11 (yellow). c–e, Integrative Genomics Viewer browser images showing aligned reads for the CR-impy founder, the jimpy control, and three CR-impy F2 males along with the detected indels at the on-target locus at exon 3 of Plp1 on chromosome X (c), and off-targets on chromosome 6 (d) and chromosome 11 (e) depicted by the dashed green, red, and yellow boxes, respectively. sgRNA 3 or sgRNA 7 targeted sequences are depicted by black bars.


Extended Data Fig. 2 CRISPR-mediated suppression of Plp1 in jimpy mice increases Mbp expression across multiple CNS regions.
a, RT–qPCR data showing the levels of Plp1 transcript at 6 months (n = 3 mice). b, western blot data demonstrating the levels of MBP protein at 3 weeks (n = 3 mice). c, RT–qPCR data showing the levels of Mbp transcript at 6 months (n = 3 mice). d, western blot data demonstrating the levels of MBP protein at 6 months (n = 3 mice). Individual data points represent the mean value of 4 technical replicates for each biological replicate (a, c) or independent biological replicates (b, d). Biological replicates (individual mice) indicated by open circles. Graph bars indicate mean ± standard deviation. p-values calculated using one-way ANOVA with Tukey correction at 3 weeks or two-way, an unpaired two-sided t-test at later time points. p-values stated for P < 0.1, otherwise not significant (n.s). See Supplementary Data 2 for full western blot images for all samples.
Source data


Extended Data Fig. 3 CRISPR-mediated suppression of Plp1 in jimpy mice reduces markers of activated microglia and astrocytes.
a, Immunohistochemical images of whole-brain sagittal sections showing Iba1+ microglia (red) and DAPI+ nuclei (blue) across genotypes. Scale bar, 2mm. b, Immunohistochemical images of whole-brain sagittal sections showing GFAP+ astrocytes (red) and DAPI+ nuclei (blue) staining across genotypes. Scale bar, 2mm. c, d, Normalized mean signal intensity of (c) Iba1+ microglia and (d) GFAP+ astrocytes across genotypes and CNS regions (n = 3 mice). Biological replicates (individual mice) indicated by open circles. Graph bars indicate mean ± standard deviation. p-values calculated using one-way ANOVA with Tukey correction. p-values stated for P < 0.1, otherwise not significant (n.s). See Supplementary Data 3-5 for representative source images of Iba-1 and GFAP staining.
Source data


Extended Data Fig. 4 Plp1 suppression in jimpy OPCs rescues survival of differentiating oligodendrocytes in vitro.
a, Phase and immunocytochemistry images of Oct4+ and Nanog+ iPS cells, along with DAPI+ nuclei and b, normal karyotype of a CR-impy iPS cell line used to generate OPCs. Scale bar, 50μm. c, Immunocytochemistry images showing Olig2+ and Sox10+ cells in OPC cultures, along with DAPI+ nuclei, derived from iPS cells. Scale bar, 100μm. d, Percentage of Sox10+ and Olig2+ cells in OPC cultures. e, Immunocytochemistry images of MBP+ and PLP+ oligodendrocytes. f, g, Quantification of (f) MBP+ oligodendrocytes and (g) total cell number (DAPI+ nuclei) from iPS-cell-derived OPCs differentiated in vitro for 3 days. Scale bar, 50μm. Technical replicates (individual wells) for a single cell line per genotype indicated by black circles. Graph bars indicate mean ± standard deviation.
Source data


Extended Data Fig. 5 Plp1-targeted ASOs do not suppress off-target transcripts or activate glial cells.
a, b, RT–qPCR data showing the level of (a) Plp1 transcript levels or (b) expression levels of off-target transcripts (up to 3 base mismatches) in the spinal cord for Plp1-tageting ASOs, including Xylt1 (off-target for ASO Plp1.a), Scfd1, or Tpk1 (off-targets for ASO Plp1.b), 2 weeks post-injection of Plp1-targeting ASOs (30μg, 100μg, and 300μg doses) or PBS control in 8 week old adult wild-type (wt) mice (n = 3 mice). c, d, RT–qPCR data showing Plp1 transcript levels or tolerability by expression levels of Gfap, Aif1, and Cd68 transcripts in the cerebral cortex and spinal cord, 8 weeks post-injection with the indicated ASOs (300μg dose) or PBS control in 8 week old wild-type mice (n = 3 mice). e–h, Immunohistochemistry images with haematoxylin counterstain showing Iba1+ or GFAP+ astrocytes in e, Cortical layers I-IV (Iba1), (f) cortical layers I-III (GFAP), (g) spinal cord dorsal horn grey/white matter intersection (Iba1), and (h) spinal cord (GFAP), 8 weeks post-injection with the indicated ASOs (300μg dose) or PBS control in 8 week old wild-type mice. Scale bar, 500μm. Biological replicates (individual mice) indicated by open circles, representing the mean value of 3 technical replicates. Graph bars indicate mean ± standard deviation. p-values calculated using one-way ANOVA with Dunnett’s correction for multiple comparisons. p-values stated for P < 0.1, otherwise not significant (n.s).
Source data


Extended Data Fig. 6 Plp1-targeted ASOs distribute widely throughout the CNS after ICV injection in postnatal mice.
a, b, Immunohistochemical images of brain sagittal sections showing ASO+ staining and DAPI+ nuclei (blue) of WT + ASOPlp1.a, WT + ASOPlp1.b and WT uninjected (a) or jp + ASOPlp1.a, jp + ASOPlp1.b and jimpy uninjected mice (b), 3 weeks post-ASO injection (30 μg dose at birth). Scale bar, 50 μm.
Source data


Extended Data Fig. 7 Plp1-targeting ASOs increase Mbp expression and rescue oligodendrocyte numbers in jimpy mice.
a, Western blot data showing the level of MBP protein (n = 3 mice). b, RT–qPCR data showing the level of Mbp transcript (n = 3 mice). c, Western blot data showing the level of MBP (n = 3 mice). d, Immunohistochemistry images with haematoxylin counterstain of whole brain sagittal sections showing MBP+ myelin. Scale bar, 1mm. e, Quantification of cleaved-caspase 3+ apoptotic cells (n = 3 mice). f, Quantification of CC1+/Olig2+ oligodendrocytes (n = 4 mice). g, Quantification of the number of Olig2+ glial lineage cells (n = 4 mice). h, Quantification of the number of PDGFRα+/Olig2+ OPCs (n = 4 mice). All data collected at 3 weeks post-ASO injection (30μg dose at birth). Individual data points represent the mean value of 4 technical replicates for each biological replicate (individual mice) (b) or independent biological replicates (individual mice) (a, c–h), indicated by open circles. Graph bars indicate mean ± standard deviation. p-values calculated using one-way ANOVA with Dunnett’s correction for multiple comparisons. p-values stated for P < 0.1, otherwise not significant (n.s). See Supplementary Data 4 for full western blot images for all samples.
Source data


Extended Data Fig. 8 Plp1-targeted ASOs induce sustained myelination throughout the neuraxis in jimpy mice.
a, b, Electron micrograph images showing myelination of WT + ASOctr or jp + ASOPlp1.b at 2 months (a) and 8 months (b). For a, scale bar, 0.5 μm. In b, the bottom panel is a higher magnification of red boxed area in the top panel. Scale bars, 5 μm (top) and 0.5 μm (bottom).
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Reporting Summary

41586_2020_2494_MOESM3_ESM.mp4
Video 1 Plp1 suppression in jimpy mice rescues neurological phenotypes at 3 weeks of age. Video comparison of wild-type, jimpy, and CR-impy mice at 3 weeks of age. Representative videos of n=25, 20, 12 wild-type, CR-impy, and jimpy mice, respectively.


41586_2020_2494_MOESM4_ESM.mp4
Video 2 Plp1 suppression in jimpy mice shows sustained rescue of neurological phenotypes at 18 months of age. Video comparison of wild-type and CR-impy mice at 18 months of age (study endpoint). Representative videos of n=4, 5 wild-type and CR-impy mice, respectively.


Video 3
Postnatal delivery of Plp1-targeted ASOs to jimpy mice rescues neurological phenotypes at 3 weeks of age. Video comparison of wild-type and jimpy mice injected with control and Plp1-targeting ASOs at 3 weeks of age. Representative videos of n = 5 (uninjected wild-type), 5 (jimpy + ASOPlp1.a), and 8 (jimpy + ASOPlp1.b) mice.


Video 4
Postnatal delivery of Plp1-targeted ASOs to jimpy mice shows sustained rescue of neurological phenotypes at 6 months of age. Video comparison of wild-type and jimpy mice injected with control and Plp1-targeting ASOs at 6 months of age. Representative videos of n = 5 (uninjected wild-type), 5 (jimpy + ASOPlp1.a), and 7 (jimpy + ASOPlp1.b) mice.
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