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            Abstract
Mutation or disruption of the SH3 and ankyrin repeat domains 3 (SHANK3) gene represents a highly penetrant, monogenic risk factor for autism spectrum disorder, and is a cause of Phelanâ€“McDermid syndrome. Recent advances in gene editing have enabled the creation of genetically engineered non-human-primate models, which might better approximate the behavioural and neural phenotypes of autism spectrum disorder than do rodent models, and may lead to more effective treatments. Here we report CRISPRâ€“Cas9-mediated generation of germline-transmissible mutations of SHANK3 in cynomolgus macaques (Macaca fascicularis) and their F1 offspring. Genotyping of somatic cells as well as brain biopsies confirmed mutations in the SHANK3 gene and reduced levels of SHANK3 protein in these macaques. Analysis of data from functional magnetic resonance imaging revealed altered local and global connectivity patterns that were indicative of circuit abnormalities. The founder mutants exhibited sleep disturbances, motor deficits and increased repetitive behaviours, as well as social and learning impairments. Together, these results parallel some aspects of the dysfunctions in the SHANK3 gene and circuits, as well as the behavioural phenotypes, that characterize autism spectrum disorder and Phelanâ€“McDermid syndrome.
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                    Fig. 1: Generation and germline transmission of macaques with SHANK3 mutations.[image: ]


Fig. 2: Sleep disturbances and altered home-cage activity in SHANK3-mutant macaques.[image: ]


Fig. 3: Impaired social interaction and reduced vocalization in SHANK3 mutants.[image: ]


Fig. 4: Eye-tracking properties in SHANK3-mutant macaques.[image: ]


Fig. 5: Dysregulated global and local connectivity in SHANK3-mutant macaques.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Original images for western blots and DNA gel.
Original images for western blots and DNA gel electrophoresis corresponding to specific figure panels as indicated are presented without cropping or further processing, such as adjusting of brightness and contrast.


Extended Data Fig. 2 Summary of founder and germline-transmitted SHANK3 mutations.
a, Schematic showing the structure of the wild-type macaque SHANK3 gene and magnified panels with the annotated sequence of the gRNA and protospacer adjacent motif (PAM) for both strands within exon 21. b, SURVEYOR assay showing SpCas9-mediated indels in cultured cynomolgus monkey primary skin fibroblasts with indicated gRNAs. c, Genotyping PCR results of individual monkey embryos injected with a mixture of SpCas9 mRNA, SHANK3 gRNA no. 1 and gRNA no. 2. Asterisks indicate effectively edited embryos. d, Number of injected embryos, transferred recipients and newborn macaques in this study. e, SHANK3-mutant macaques have similar body weights to those of age-matched wild-type controls. f, Pie charts of genotype (indels) of DNA from semen from mutant macaques M2 and M3 show a similar pattern to their respective blood samples.

                          Source Data
                        


Extended Data Fig. 3 Alignment of partial SHANK3 sequence genotyped from skin DNA.
aâ€“e, Alignment of ten representative reads of SHANK3 sequence genotyped from a skin biopsy of each mutant monkey with reference SHANK3 sequence from wild-type monkey.

                          Source Data
                        


Extended Data Fig. 4 Statistical analysis of western blots using brain lysates prepared from V1 biopsy of macaques.
a, b, Quantification of blots was based on five technical repeats using the same V1 protein sample with N-terminal (a) and C-terminal (b) antibodies. Values were normalized to those of the C1 control monkey. Î±-Tubulin, as loading control, was run on the same gel. Data are presented as meanÂ Â±Â s.e.m., nÂ =Â 5 technical repeats using sample for the 2 controls and 5 SHANK3 mutants, *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001;Â ns, not significant; one-way analysis of variance (ANOVA) with Bonferroni post hoc test.

                          Source Data
                        


Extended Data Fig. 5 Representative traces of overall activity.
aâ€“l, Representative and enlarged traces of overall activity recorded by motion watches across multiple days from a control macaque and all five SHANK3 mutants.Â A.U, arbitrary units.

                          Source Data
                        


Extended Data Fig. 6 Behavioural parameters of monkeys during the first and second five minutes of interaction.
a, Schematic showing the two interconnected cages used for habituation of individual macaques and subsequent paired social-interaction assay. bâ€“l, Separate behavioural parameters of monkeys in control and SHANK3-mutant groups during the first five minutes of interaction. m, No difference in social behaviours (including chasing, following, circling, fleeing and play) during the second five minutes of interaction. In all panels, nÂ =Â 6 macaques for control group; nÂ =Â 5 macaques for the SHANK3-mutant group. Data are presented as meanÂ Â±Â s.e.m., two-tailed Mannâ€“Whitney U-test.


Extended Data Fig. 7 Behavioural parameters of probe macaques when paired with wild-type or SHANK3-mutant monkeys during the first five minutes of interaction.
aâ€“k, Total durations of chasing (a), following (b), circling (c), fleeing (d), play (e), attacking (f), anogenital inspection (g), rump presentation (h), mounting (i), receiving grooming (j) and giving grooming (k). In all panels, nÂ =Â 10 probe monkeys paired individually with 6 wild-type macaques from the control group and 5 macaques from the SHANK3-mutant group. Data are presented as meanÂ Â±Â s.e.m., *PÂ <Â 0.05, **PÂ <Â 0.01; two-tailed Mannâ€“Whitney U-test.


Extended Data Fig. 8 Performance of control and mutant monkeys in the discrimination and reversal tasks using WGTA.
a, Task design. b, c, Total days (b) and total trials (c) required for macaques to pass the blackâ€“white discrimination test of the WGTA. d, e, Total days (d) and total trials (e) required for macaques to pass the blackâ€“white reversal test of the WGTA (>75%-correct trial). f, A graphical model for Bayesian nonparametric multitarget tracking. Priors omitted for brevity. Arrows pointing to ellipses indicate continuation to the next time step. g, Diagram of the eye-tracking box. In bâ€“e, nÂ =Â 6 macaques for control group; nÂ =Â 3 macaques for the SHANK3-mutant group. Data are presented as meanÂ Â±Â s.e.m.; Mannâ€“Whitney U-test. Coloured squares indicate individual macaques with SHANK3 mutations.


Extended Data Fig. 9 Performance of controls and SHANK3 mutants in the Hamilton search task.
a, Schematic and flow chart of the Hamilton search task. b, Performance of macaques in the â€˜set-breakingâ€™ test of the Hamilton search task. M3 showed no improvement (delta valueÂ =Â 0). â€˜Deltaâ€™ is set to measure the learning of the monkey across five test days, calculated by increase of the number of trials in which the monkey opened the correct well on the first try. c, Percentage of correct trials on the â€˜forced set-breakingâ€™ test of the Hamilton search task, from monkeys across five test days. d, Number of monkeys that reached a 75%-correct rate on the fifth day of the forced set-breaking test. *PÂ <Â 0.05, Two-tailed Ï‡2 test (PÂ =Â 0.023) was applied to determine the statistical difference between groups.


Extended Data Fig. 10 Structural MRI and seed-based functional MRI analysis of macaque brains.
aâ€“c, No difference in white matter volume (a) and cerebrospinal fluid volume (b), but a reduced volume of grey matter (c), in SHANK3 mutants, relative to control macaques. In aâ€“c, nÂ =Â 6 macaques for control group; nÂ =Â 5 macaques for SHANK3-mutant group. Data are presented as meanÂ Â±Â s.e.m., **PÂ <Â 0.01, Mannâ€“Whitney U-test. Coloured squares indicate individual mutant macaques. d, e, Sagittal, coronal and axial views of averaged functional MRI image from six control macaques (d) and five SHANK3 mutants (e), using the putative posterior cingulate cortex as seed region. f, Sagittal, coronal and axial views of averaged functional MRI image show blood-oxygen-level-dependent signals in the posterior cingulate cortex that are greater in mutants than in controls. In d â€“f, the putative posterior cingulate cortex regions are highlighted by arrows.
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