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Supplementary Information Discussion 
 
Human neuronal APP gene recombination was identified in the normal and SAD brain, a 

conclusion supported by 9 distinct approaches (Extended Data Table 1). Recombination was 

characterized by the mosaic presence of thousands of distinct, genomic cDNAs (gencDNAs) that 

appeared as full and especially partial length APP sequences, containing precise exon::exon 

junctions, intra-exonic junctions (IEJs), insertions, deletions, and single nucleotide variations 

(SNVs). gencDNAs could be reproduced in culture via a process that required human APP RNA, 

reverse transcription and DNA strand breaks. At least some gencDNAs could be in vitro translated, 

producing toxic proteins and supporting functionality of the novel, recombined variants. 

gencDNAs showed both neuronal and SAD enrichment with up to 13 discernible loci in individual 

neurons that generally were distinct in location from wild type APP genomic loci. This enrichment 

occurred in 100% of a proof-of-concept SAD cohort and was accompanied by distinct variants 

including 11 SNVs that are considered pathogenic in FAD, and which were absent from non-

diseased controls.  

 

Relationship to prior studies 

Neuronal gene recombination has not been previously reported. Human single-neuron genomic 

sequencing could theoretically reveal recombined loci1-4 but is currently limited for CNV detection 

to ~1 Mb and more often several Mb vs. the 0.0007 Mb average size of gencDNAs5. Detection of 

gencDNAs using any single-neuron sequencing technique currently available5 is further 

complicated by artifacts associated with each amplification method, varied bioinformatic 

approaches, low single-neuron sequencing success rates and very small sample sizes, and it is 

therefore not surprising that gencDNAs were not previously reported. For example, the highest 



 

resolution approach capable of reporting gencDNAs by elegant single-cell nuclear transfer4 was 

limited to mouse, had success rates of 1-2%, and sequenced just 7 total neurons from only the 

olfactory bulb of 4 mice, which could thus miss gencDNAs based on sample size and multiple 

biological differences including species, assessed neuroanatomical regions, ages, neuronal 

subtypes, and disease states. By contrast, alternative techniques as utilized in this study were 

required to detect recombination, especially the use of a diseased state – SAD – acting on a defined 

gene – APP – a general strategy that had been essential for identifying antibody gene 

rearrangement from a plasmacytoma neoplasm6. 

 

APP gencDNAs bear some resemblance to, yet are fundamentally distinct from, 1) processed 

pseudogenes7 and 2) LINE1 repeat elements that themselves can encode an active reverse 

transcriptase (ORF2),7 which along with human endogenous retroviruses (HERVs), telomerases, 

and possibly other RT sources could participate in gencDNA production. Processed pseudogenes 

were originally defined as evolutionary, non-coding, germline remnants of transcriptionally 

processed RNA8. However, some may be actively transcribed in cancer cells9. LINE1 elements are 

thought to have origins in ancient retroviruses and constitute over 17% of the human genome with 

an estimated 516,000 copies; however, only a very small subset is thought to be capable of 

retrotransposition in mitotic tissues7,9 including neural progenitor cells (NPCs) of the developing 

brain10. The actual rate and biological significance of bona fide retrotransposition in human NPCs 

is a topic of active debate2,10,11. By comparison, and contrasting in multiple ways, neuron-enriched 

APP gencDNAs identified here manifest as thousands of distinct genomic variants marked by IEJs 

and myriad SNVs, undergo “retro-insertion” into post-mitotic neuronal genomes and can be 

actively transcribed and translated to produce bioactive products with relevance to both normal 



 

and disease states. We note that some of the same molecular machinery, such as reverse 

transcriptase(s) could be shared amongst processed pseudogenes, LINE1 elements, and 

gencDNAs, albeit accessed at different developmental stages and in varied cell types.  

 

gencDNAs arise through RNA intermediates, reverse transcription and DNA breaks  

The genomic presence of gencDNAs identical to brain-specific RNA splice forms (APP 751 and 

695 lacking exon 8 or 7 and 8, respectively) indicates that gencDNAs arise from spliced RNA 

intermediates generated in the brain. J20 mouse analyses further supported transcriptional RNA 

intermediates, in view of the neuron-specific transgene – present in the germline and thus all J20 

cells – that displayed a striking age-dependent increase in gencDNAs only in neurons. Endogenous 

reverse transcriptase activity in CHO cells was required for gencDNA production based on the 

ability of nucleoside-based RT inhibitors to attenuate gencDNA formation in cell lines. Prevention 

of variant RNAs by reverse transcriptase inhibitors further supports their generation via 

gencDNAs. The cell type specificity and universality of this mechanism remain to be determined. 

Additional and/or different factors may be required to produce various forms of gencDNAs, in 

view of the distinct IEJ variant sequences detected in culture compared to human neurons. Further 

support for reverse transcription included high numbers of SNVs (Fig. 3), which are consistent 

with high polymerase error rates of the best studied reverse transcriptase in humans from HIV that 

exhibits 1/100th the fidelity of replicative DNA polymerases12. This could therefore account for the 

highly mutagenized APP gencDNAs observed which could be produced by successive rounds of 

reverse transcription within a single neuron. DNA breaks were also required, at least in cell culture, 

and in this light, the normal13-15 and SAD brain16,17 show myriad DNA breaks in adult neurons that 

might provide points of genomic integration for gencDNAs, including breaks produced by 



 

neuronal activity-dependent processes14,16. The actual identity of endogenous reverse 

transcriptase(s) is currently unknown but might involve one or more forms of ORF27 within the 

516,000+ LINE1 germline sequences, an issue that remains for future work.  

 

gencDNA formation of APP variants bears striking parallels to RNA-mediated DNA 

recombination in mitotic yeast, where non-homologous and homologous recombination events are 

integrally related to genome rearrangements and gene expression18. The thousands of distinct 

gencDNAs thus far identified by SMRT sequencing combined with a vast majority of gencDNA 

DISH signals scattered throughout nuclei and distinct from WT loci (Fig. 2 o, p) support non-

homologous recombination events, whereas results from J20 neurons showing an enlarging locus 

suggests the possibility of homologous events, both of which are not mutually exclusive. 

gencDNAs could also produce additional genome rearrangements distinct from the APP 

gencDNAs themselves. Entry of gencDNAs into the genome could be referred to as “retro-

insertion” of gencDNAs within post-mitotic neurons, to reflect involvement of an RNA 

intermediate while remaining agnostic on mechanistic details. The concordance between 

gencDNA and mRNA sequences supports transcription from at least some retro-inserted 

gencDNAs, consistent with pseudogene transcription in yeast and human8,18. We do not know 

whether an initial gencDNA variant is first formed in RNA (through unknown mechanisms) 

followed by retro-insertion, then gencDNA transcription, or whether the observed full-length APP 

695 and 751 gencDNAs (lacking IEJs) represent examples of precursors to other APP gencDNAs 

containing IEJs formed subsequently in DNA by micro-homology (or other mechanisms) followed 

by transcription. Importantly, these possible processes are not mutually exclusive, with both 

capable of producing concordant gencDNA and RNA sequences as we identified. In addition, 



 

retro-insertion is compatible with processes that produce genomic mosaicism including genomic 

recombination, rearrangement and amplification mechanisms that are supported by rare FAD 

cases19-21, but in SAD occur somatically and mosaically.  

 

Relevance to SAD 

Constitutive APP CNVs or mutations are considered causal in relevant FAD and Down syndrome 

cases, raising compelling possibilities for APP recombination mechanisms in SAD, where APP 

exonic CNVs were previously identified22; in light of the current data, these appear to reflect a 

minute part of a large universe of mosaic APP exon variation produced by somatic recombination. 

Our proof-of-concept data identified a dramatic shift in the forms and abundance of gencDNAs in 

SAD vs. non-diseased controls (Fig. 3 and 5), including the 3 to 5-fold increase in gencDNAs in 

all SAD brains examined (Fig. 5) with single neurons having up to 13 gencDNAs that were never 

observed in non-diseased brains. As remarkable was the identification of 11 different somatic 

SNVs previously published as pathogenic in FAD, which were absent from non-diseased controls. 

Other SNVs, as well as myriad genomic alterations identified in our data may also contribute to 

SAD and could function in both classical and non-classical mechanisms.  

 

Classical mechanisms supporting the amyloid hypothesis involve production of toxic Ab peptides 

and plaque formation. gencDNAs, including those with FAD mutations, likely represent a novel 

source of secretase-cleaved substrate to produce Ab, as well as a potential source of toxic products 

not requiring secretase cleavage, as supported by cell culture studies (Extended Data Fig. 6). It is 

also possible that non-ATG translation could occur for out-of-frame variants produced by 

gencDNA integration near repeat elements, as reported in other neurological diseases23. Non-



 

classical mechanisms might involve RNA pathologies24 or limits to gencDNA integration per 

neuron, beyond which neurodegenerative cell death might occur via genome instability produced 

by gencDNAs, akin to deleterious mobile elements25. Both diverse protein variants and non-protein 

mechanisms involving gencDNAs may help to explain the lack of efficacy observed for the many 

therapeutic trials targeting Ab and related enzymologies, especially those targeting single 

molecular entities26. 

 

SAD increases with age, and the age-related increase of gencDNA variants in neurons compared 

to non-neuronal populations in J20 mice offers a possible explanation for the decades of life 

required for SAD to manifest. Neuronal APP transcription promotes gencDNA generation in both 

cell culture and in J20 neurons in vivo (Fig. 4 and 5), which is consistent with increased APP 

transcription previously linked to SAD incidence27, and further mechanistically consistent with 

transcriptional augmentation of APP by the well-known SAD risk factor gene, ApoE428. 

Intriguingly, gencDNA dependence on reverse transcriptase activities might be relevant to the 

statistical rarity of proven AD cases in HIV+ patients >65 years of age29,30, who have received 

prolonged, combined anti-retroviral therapy (cART) that includes reverse transcriptase inhibitors. 

If confirmed, this observation would suggest immediate utility of the many FDA-approved cARTs 

or modified combinations thereof to treat SAD, DS and perhaps FAD. Additionally, processes 

producing DNA breaks such as head injury that have been linked to AD16,31,32 are consistent with 

gencDNA production requiring DNA breaks. Taken together, gencDNAs and their production 

have properties relevant to a range of AD mechanisms and development of potentially novel 

therapeutics. 

 



 

Implications for neuronal functions 

The presence of some APP gencDNAs in non-diseased neurons likely reflects normal functions 

mediated by APP, which covers a gamut of possibilities33,34 including synaptic function where APP 

gencDNAs might provide an increased repertoire of protein species, contributing to synaptic 

functional diversity. Additional genes may be transcriptionally modified and genomically re-

encoded in response to selective activities in neuronal populations. Such a mechanism might 

enable preferential gene re-expression that bypasses splicing or further RNA modification. More 

broadly, gencDNAs could provide neurons with an activity-dependent mechanism to record and 

retain new genomic information over long periods of time, perhaps placing multiple forms of a 

gene under transcriptional control distinct from a wild type locus, which could be produced 

through diverse genomic integration sites. Such a process could have relevance to known neuronal 

functions that have already been shown to be dependent on transcriptional activity including 

Hebbian plasticity35, synaptic wiring36, memory14 and cognitive function37. Thus, gencDNAs and their 

production may represent both a “recording” as well as a modifiable “playback” mechanism for 

expressing a “symphony” of gencDNA variants as well as wild type gene forms. It would be 

surprising if APP were the only gene to undergo this form of recombination, which altogether 

might impact distinct, normal brain functions as well as contribute to brain disorders, including 

AD. 
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