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            Abstract
The diversity and complexity of the human brain are widely assumed to be encoded within a constant genome. Somatic gene recombination, which changes germline DNA sequences to increase molecular diversity, could theoretically alter this code but has not been documented in the brain, to our knowledge. Here we describe recombination of the Alzheimer’s disease-related gene APP, which encodes amyloid precursor protein, in human neurons, occurring mosaically as thousands of variant ‘genomic cDNAs’ (gencDNAs). gencDNAs lacked introns and ranged from full-length cDNA copies of expressed, brain-specific RNA splice variants to myriad smaller forms that contained intra-exonic junctions, insertions, deletions, and/or single nucleotide variations. DNA in situ hybridization identified gencDNAs within single neurons that were distinct from wild-type loci and absent from non-neuronal cells. Mechanistic studies supported neuronal ‘retro-insertion’ of RNA to produce gencDNAs; this process involved transcription, DNA breaks, reverse transcriptase activity, and age. Neurons from individuals with sporadic Alzheimer’s disease showed increased gencDNA diversity, including eleven mutations known to be associated with familial Alzheimer’s disease that were absent from healthy neurons. Neuronal gene recombination may allow ‘recording’ of neural activity for selective ‘playback’ of preferred gene variants whose expression bypasses splicing; this has implications for cellular diversity, learning and memory, plasticity, and diseases of the human brain.
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                    Fig. 1: Identification of novel APP RNA variants from small populations of neurons.[image: ]


Fig. 2: APP gencDNAs identified by DNA polymerase-dependent and -independent methods.[image: ]


Fig. 3: Thousands of unique gencDNAs identified by SMRT sequencing of neurons from non-diseased brains and brains of individuals with SAD.[image: ]


Fig. 4: Mechanistic studies of gencDNA formation in culture.[image: ]


Fig. 5: Proof-of-concept correlation between gencDNAs and SAD.[image: ]
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                Data availability


Fastq files of SMRT sequences performed on a PacBio Sequel and Illumina sequences on NextSeq500 have been deposited in NCBI Sequence Read Archive (BioProject ID: PRJNA493258). The PacBio produced RNA-seq data sets from whole brain and temporal lobe supporting the findings of this study are available at https://www.pacb.com/blog/data-release-alzheimer-brain-isoform-sequencing-iso-seq-dataset, and from the authors upon reasonable request and with permission of PacBio, respectively. The source codes of the customized algorithms are available on GitHub (https://github.com/christine-liu/exonjunction and https://github.com/taolonglab/varccs).



Change history
	22 January 2019
In this Article, the top label in Fig. 5d should read ‘DISH 3/16’ instead of ‘DISH 3/17’. This error has been corrected online.
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Extended data figures and tables

Extended Data Fig. 1 RT–PCR on bulk and sorted nuclei, and RISH.
a, RT–PCR products from bulk brain tissue samples from three individuals with SAD and three without. Canonical APP splice variants and non-APP products were identified. b, Representative gels showing the presence of canonical APP splice variants (red arrows, n = 2 independent experiments). c, No APP variants were identified in NeuN-negative nuclei from individuals with or without SAD. The 18S rRNA control verified the presence of RNA. Novel APP RNA variants were identified from oligo-dT primed cDNA libraries from 50-cell populations of neuronal nuclei (d, n = 3 biological replicates) and brains from individuals with Alzheimer’s disease (e, commercially produced PacBio cDNA libraries). f, RISH3/16 signal from antisense probes showed cytoplasmic distribution of APP 3/16 RNA. Negative control sense probes and a probe targeting the bacterial gene DapB showed no signal. g, PSEN1 RT–PCR on populations of 50 nuclei from the brains of three individuals with SAD and three without showed no PSEN1 RNA variants. The positive control (PC) is amplified from RNA extracted from bulk brain tissue. 18S rRNA control verified the presence of RNA.


Extended Data Fig. 2 APP gencDNA detection by genomic DNA PCR, DISH, and targeted genomic pull-down.
a, Duplicate gel from Fig. 2b, with more sensitive thresholds to show the clear absence of PSEN1 bands. b, Nested PCR was used with alternative APP primers (three total sets: APP 1–18, APP 1–18N, and APP 2–17). c, Cloning and Sanger sequencing of indicated bands (red numbers in b) revealed novel APP gencDNAs (see Fig. 1 for legend and nomenclature). d, APP 1–18 DNA PCR showed no products in non-neuronal cell types: IMR-90 (human lung fibroblast), HEK (human embryonic kidney) and non-neuronal (NeuN-negative) genomic brain DNA from individuals with and without SAD. RNaseP was used as a positive control. e, APP mRNA is expressed in HEK-293 and IMR-90 cells; 18S rRNA used as a positive control. f, Digestion with the off-target restriction enzyme XbaI did not affect DISH3/16 or DISH16/17 signals. g, h, Synthetic DNA containing 16/17 (g) or 3/16 (h) target sequences (target), or wild-type human genomic APP sequences lacking IEJs and exon–exon junctions (mutant target) were introduced by retroviral transduction into NIH-3T3 cells. DISH16/17 and DISH3/16 signals from both sense and antisense probes were detected only in target infected cells. i, Schematic of Agilent SureSelect targeted DNA pull-down. j, Agilent SureSelect hybridization enrichment targeted the entire genomic locus of APP and showed unbiased sequencing depth across the full genomic locus. Exons and introns are shown on two scales.

Source data



Extended Data Fig. 3 APP gencDNA reading frame analysis.
a, Colour key for all gencDNAs with junctions identified by SMRT sequencing. b, c, Percentage of unique in-frame reads from brains of individual with SAD (b; 6,299 unique reads) or without SAD (c; 1,084 unique reads).

Source data



Extended Data Fig. 4 APP gencDNA and RNA variant formation in CHO cells.
a, Time line of CHO cell experiments modified from Fig. 4a. After transfection and gencDNA induction, serum was added and CHO cell cultures were passaged for 7 days. Cells were harvested, and DNA and RNA were extracted for analyses. b, c, PCR of genomic DNA (b; gDNA) and RT–PCR with APP 1 and 18 primers (c; n = 2 independent experiments). Note that APP plasmid is no longer detected (compare to Fig. 4b). DNA breaks during cell proliferation might contribute to variant formation in cells without DNA damage (no H2O2). Reverse transcriptase inhibitor (RTi, AZT + ABC) treatment prevents formation of APP RNA variants, indicating the dependence of RNA variants on gencDNAs. d, Induced APP variants with IEJs observed in b, c.


Extended Data Fig. 5 Data from six individual brains for each brain from individuals with or without SAD represented as averages in Fig. 5, and variant cytotoxicity.
a, d, Nuclei sorted from cortices of six individuals with SAD and six without were analysed by DISH16/17 (a) and DISH3/16 (d). Cumulative frequency distribution plots and average numbers of foci per nucleus show statistical significance (non-parametric Kruskal–Wallis test with Dunn’s correction for multiple comparisons) between all paired brain sets. Numbers above bars indicate number of nuclei analysed. NS, not significant. Error bars show s.e.m. b, c, e, f, Detailed P values for Fig. 5b (b), Fig. 5c (c), Fig. 5e (e) and Fig. 5f (f). g, APP-751, three coding and one non-coding APP variant in constructs containing haemagglutinin (HA) tags were transfected into HEK-293 cells. Cell lysates from all three coding variants and full-length APP-751 displayed protein products of the expected size by western blot. α-tubulin was used as a loading control. h, Three coding APP variants were transfected into SH-SY5Y cells individually and cell viability was measured by WST-1 seven days after transfection under serum-deprived conditions. Means of three independent experiments were analysed using ordinary one-way ANOVA with uncorrected Fisher’s LSD for multiple comparisons (*P = 0.0477, ****P < 0.0001).

Source data



Extended Data Fig. 6 DISH3/16 and DISH16/17 data analyses.
a, DISH3/16 data from individual J20 and wild-type mouse cortices represented as an average in Fig. 5h; numbers above bars represent number of nuclei analysed. b, No DISH16/17 signal was detected in wild-type mouse nuclei. c, Detailed statistical significance of DISH16/17 signal across all mice in Fig. 5j (non-parametric Kruskal–Wallis with Dunn’s multiple comparisons test). **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant. d–f, Synthetic DNA targets containing the exon 16/17 junction sequence were introduced by retroviral transduction into NIH-3T3 cells, and the target sequence (provirus) identified by DISH16/17. A concatamer (×2) showed increased focus size, represented as a cumulative frequency distribution plot (e) and a box and whisker plot (f). Line, median; box, 75th–25th percentiles; whiskers, 90th–10th percentiles. Statistical significance was calculated using non-parametric Kruskal–Wallis test with Dunn’s correction for multiple comparisons. ****P < 0.0001.

Source data



Extended Data Table 1 Nine distinct experimental approaches supporting APP recombinationFull size table


Extended Data Table 2 Human postmortem brain informationFull size table


Extended Data Table 3 APP variants informationFull size table


Extended Data Table 4 DISH and RISH experiments and validation listFull size table





Supplementary information
Supplementary Information
This file contains a Supplementary Discussion, Supplementary References and Supplementary Figure 1, the uncropped blots.


Reporting Summary

Supplementary Tables 1-6
Supplementary Table 1 contains sequences of the probes and primers used, Supplementary Table 2 contains identified APP variant sequences by Sanger sequencing, Supplementary Table 3 shows known FAD mutation analysis on SAD, Supplementary Table 4 shows known FAD mutation analysis on ND, Supplementary Table 5 shows the fraction of unique APP variants among total gencDNA identified in SAD and Supplementary Table 6 shows the fraction of unique APP variants among total gencDNA identified in ND.
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